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ABSTRACT

Ferromanganese nodules and encrustations from sites throughout the
Indian Ocean have been analysed for Mn, Fe, Co, Ni, Cu, Zn, Pb, Ca and
Al anhd in some cases Cd, Cr and Ti also, by atomic absorption spectro-
photometry. The mineralogy of theee deposits has also been investigated
using X-Ray diffraction techniques. A suite of Indian Ocsan ssdiment
samples, many of them from the same sites at which nodules were recovered,
have also bsen analysed for the same elements by the same chemical
techniques. Nodulee and associated sediment samples from detailed

traverses across two different Indian Ocean basins have in addition been
'subjacted to a series of selective chemical attacks.

Different trends in the composition of the ferromanganese-oxides
occur in samples from sea-mounts, the mid-ocean ridge and basin areas. The
observed trends and possible reasons for them ars discussed. Apn attempt is
made to account for these variations in terms of environments of deposition
as defined by element source and availability, rate and type of sedimentation
and authigenic oxide mineralogy.

The principal mangansse minerals present ares todorokite and S-Nnﬂz.
These minerals are found to develop preferentially in different snviron-
ments and the reasons for this observation are discussed.

Regional variations in the chemical composition of surface sediments
also occur in the Indisn Ocean which are broadly similar, but not nearly so
marked, as those seen in the ferromanganese-oxide deposits,

The variations observed in the chemical partitioning of major and

trace elements Eetween the fractions examined is complex for both nodules



and sediments and no simple relatienship links the partitioning of
elements in nodules with their partitioning in the same fraction of
associated sediments.

A suite of ferromanganese-oxide samples from severzal sites in a
small area of the north-east Atlantic Ocean have also been analysed
chemically and mineralogically by the same technigues. The bulk
chemistry of these: deposits is rather diffarant to the Indian Ocean
deposits, as is their chemical partitioning. The authigenic minerals
present are similar but goethite is much more abundant than in Indian
COcean samples. The reasons for the observed chemical and mineralogical

variations are discussed.
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INTRODUCTION

Ferromanganese nodules have been a source of interest and
controversy ever since their discovery during thes Challenger Expedition
of 1873 - 1876, reported by Murray and Renard (1891). Research work on:
these deposits, howsver, was rather sporadic until the late 1950's and
early 1960's when more detailed sampling of the deposits in all thres
ma jor world ocesans revealed their vast sxtent and highlighted their
significance as possible ore deposits.

Despite the great amount of work which has now been carried out
in this field, many basic problems apertaining to marine ferromanganese-
oxide deposits remain unsolved. Among the unsolved geochemical problems
which these deposits still pose ere the relative importance of the
sources of major and trace elements in the authigenic phases, the rates
and mechanisms of growth of the deposits and the way in which the minor
elements are incorporated into the deposits. Many msjor reviews of the
subject, covering one or more of these problems, are to be found in the
literasture and the reader is referred to the following as giving fuller
accounts of these problems: Nurréy and Renard (1891); Goldberg (1954);
Goldberg and Arrhenius (1958)3; Goldberg (1961); Arrhenius (1963);
Arrhenius and Bonatti (1965)3 Bonatti and Nayudu (1965); Mero (1965);
Bonatti,Kraemer and Rydell (1972); Croman (1976).

The problem of the ultimate source of the Mn and Fe in the deposits
has been a source of disagreement since the earliest times (see Murray
and Renard, 1891)., The two major proposals are, on the one hand, that

these metals are derived predominantly from continental run-off as



proposed by Renard (in Murray and Renard, 1891) and on the other that
submarine volcanism suppliss ths bulk of these metzls as first suggssted

by Murray (in Murray and Renard, 1891). Whilst soms early workers tended

to support one or other of thesse sourcses, others suggested that both
sources may be of importance (s.g. Arrhenius, Msro and Korkisch, 1964).

More recent work (Bonatti, Kraemer and Rydsll, 1972; Elderfisld, 19763

Lyle, 1976) has tendsd to show that any one of ssveral major sourcss may

be predominant depending on the arsa of the ocean floor under consideration.

In order to considsr fully the problems of the gsochemistry of ferro-
manganees oxide deposits it has becoms obvious that factors othsr than their
geochemistry must bs considersd. Thus in rscent years much detailed work
has bsen done on specific aspscts of ths deposits. Since the pionsering
investigations of Buser and Grutter (Buser end Grutter, 19565 Grutter and
Buser, 1957) the mineralogy of the authigenic Mn and Fe phasss of the
deposits has received detailed exemination by many workers
(eeg. Andrushchenko end Skornyskova, 19693 Herzsnberg and Rilsy, 1969
Burns and Brown, 1972¢ Giovanoli et al, 1973). This work has been reviewed
in some destail by Burns and Burns (1977).

The internal structurs of nodules and inter-element essociations on a
microscopic scale within single samples has also besn examined in detail
(Sorem, 1967; Andrushchenko and Skornyakova, 1969; Cronan and Tooms, 19693
von Heimendahl et al, 1976). Attempts have also been made to find
relationships between the chemical composition of nodules and encrustations
and other factors auch as their mineralogy (Crerar and Barnes, 1974), their
growth rates (Heys and Marchig, 1977), the rate of accumulation of
accompanying sediment (Price and Calvert, 1970), the physical properties
of ths substrats (Horn et al,1973) and the chemical composition of the
underlying sediment (Calvert and Price, 1977), whilst yet others have tried
to discover the mechanisms by which the tracs metals are incorporated in

the deposits (Burns,1976).



A comprehensive study of the geochemistry and mineralogy of
marine ferromanganese oxide deposits therefore, cannot be confined
simply to these two features of the deposits, if satisfactory ansuwers
are to be found to the various problems which are raised. Consideration,
then, must also be given to the factors affecting the geochemistry and
mineralogy of the deposits., Thus factors such as rate and type of
sedimentation, chemical composition of accompanying sediment, slement
source and degree of oxygenation of the bottom environmment must all be
examined in order to assess thair effect on nodule and encrustation
geochemistry and minerslogy. Although the smount of research being
carried out on these topics has greatly increaseed in recent years our
knowledge of some of these factors is still limited, particularly in the
Indian Ocean.

In thigs thesis therefore, several topics of a non-geochemical
nature are described end discussed as a background to the work so that
their effects on the geochemistry end mineralogy of the deposits can be
essesssd. Thus Sections 1, 2 and 3 deal with the oceasnography end
geology (including sedimentology) of the Indien Ocean and the morphology
end internal structure of the deposits., Sections 4 and 5 deal with the
mineralogy end bulk geochemistry of the deposits whilst Sesction 6 deals
with the bulk geochemistry of some associeted sediments. In Section 7 an
examinetion is carried out of the chemical partitioning of the elements
between various frectione in nodulees end sediments and of whether any
correlstions exist between the two types of deposit. In Section 8 the
regional bulk geochemistry of Indien Ocean ferromengenese oxides is
examined by combining date from this thesis with that from previous
studies, thus providing the most detailed picture yet obtained of the
regional geochemistry of these deposits in the Indien Ocean. An sttempt
is mede in Section 9 to account for the variations observed in terms of

the various fectors examined in the preceding Sections.



In the second part of this thesis (Sections 10 to 13) a brief
examination is made of geveral ferromanganese oxide deposits from the
north-east Atlantic Ocean and an attempt made to account for their
geochemical and mineralogical variations in terms of the same factors
as those used in Part 1 of thig thesis. A comparison is made of the
compogition of these deposits with deposits slsewhere in the Atlantic
Ocean reported in the literature and the differences in chemical
partitioning betwsen thess deposits and thosse from the Indian Ocean are

discussed.
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S.E £ T T -0 1

GEOLOGY OF THE INDIAN CCEAN

(1) INTRODUCTION

The Indian Ocean is the smallest of the world's thrsc major
oceans, covering an ares of sbout 75 million square kilomstrec,
and stretching from the coasts of Arabia, India and south-sast
Agia in the north fo south of latitude 55°S where it merges with
the Southern Oceen. The Africén continent marks its westsrn
boundary whilst the eastern extrsmity is bounded by Auatralia
and the complex Indonesian Archipolago. The ocean is marked by
a poculiarly large number of izland groups, Msdagascar, Rodriguez,
Rgunion, Mauritius and the Seychelles, Amirantes, Farquhar and
Cemoro groups in the west; the Chagos end Laccadive Island groups
in the contrael northcrn acsay the Cocos and Christmas Island groups
.in the ecast and the Princs Edward, Crozet, New Amstsrdam,
Heard and Kerguélen Islends in the south and south-west,
Geographically it is the most remote cf the thrse major oceans from
the main centres of marine resgearch, in the U.S.A. and Eurcpe, wad
as a result has received less study in the past, than have the

Atlantic and Pacific Ocesans.



(ii) STRUCTURE AND EVOLUTION

The Indian Ocsan is the most ctructurally complex and lcast
undasrstood of tho major worlid ocoans. An importont Tanturc of this
ocean ie tho lazrgo numbor of continontal fragmonts 1t contning,

such as the Seychelles Islands, Madagascar, the Agulhas, Kergutlen—

0

Heard, Sroken and Naturaliste Plateaux. All thess Tragmentis have to
’

ES

be accounted for in any structural reccnztruction of the higtory of

the Indian Gcean, Fortunately thore is anoihzr characteristic oV
q

4.

the Indian Ocean, which iz helpful in piecing together its history
and that is the aimost complste lack of ocean trenches which are
presently active or have been active in the past. This means that
much of tha seca-flcor Tormed at the ridges in the past must etill
exist and as mors data becomse available it should prove possible

to put together more and more accurate rsconsicuctions of the

ocean's pre-Quaternary hictory.

Active Ridoas

At the present time, the major ciructural features of the

Indian Ocean arg conveniently revealsd by tha 1 k.m. and 4 k.m.

bathymetric contours, as ccn be seen from figure 1.

The most
markad and continuous structural feature of tha Indian Ocsan, and
ong which has a profound effect cn the ocean’s oceanography,

P

stretigraphy, and geochemical charascteristics, is thse mid~ccean

ridge system. This lies predominantly in the western part of the

0 . . o . o
ocean. At 70 E, between the equator and 20°S, it runs approximatzl

B
0

c
C

norih-zouth, but to the north of this it swings to the north-uwast
znd runs into the Gulf of Aden and the Red Sea. This north-uwest
part of the ridge sysism is called the Carleberg Ridge. South

o ~ s . .
of 20°S and %o the sast of Mauritius, Réunion and Rodriquez

[ ]
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islands the ridgas bifurcatas into a south-weszt znd a soull
trending component, forming an RRAR-type triple junction (fcKkenzie
and Sclater, 1971)

Although apparently north - south trending, magnstic zurveys
of the Cantral Indian Ridge (Fisher, Sclater and McKenzie, 1971)
have shown that this ssction is in fact a complex set of
sn schalon north-west - south-sast irending spreading centres and
north-east — south-west fracture zones. This feature is also
clearly marked by the 4 k.m. bathymetiric contour. fMagnetic
analyses of the south-east Indian ridge (Sclich and Patriat,
99713 Weissel and Hayes, 1971) show this to be a simpler ridge
uith somewhat feuer fracture zones. However, the souti-~wcat
Indian Ridge appears to have many north-~north—sast - south-souin-
uogt trending fracture zonec which dominate the ssctions of en
echelon spreading centres (Bergh, 1971). Thic ridge appears
to have boen the least voclcanically active, slouwsst-~sproading
of the thres ridge axes durirg the last 20 million years (McKenzie
and Sclater, 1971) and like the Cen%tral Indian Ridge has a more
ruggad topography than the couth-east branch, thes comparative
smoothnass of which is typical of more rapidly spreading ridges

(Manard, 1967).

Inactive Ridaes

Within the Indian Ocean thei= are several ridges which are
not seiasmically sctive and which do not appoar to bs sproading
centres, bcing intra-plate features rathar than plate margins.
The most striking of these ridges is the Ninety East Ridgse.
4800 k.m. almoct dus north - south and cplitting ths sastarn
Indian Ocean into %two distinct basin arsas (ses figure 1). According

%o Laughtcn, llcKenzie and Sclater (1972) ths Ninely East Ridge



formed originally as a simple transform fault formed by the rapid
northuward movement of Greater India during the late Cretaceous
and sarly Tertiary. Francis and Raitt (19G67) suggast that iis
topographic expression is dus eimply to uplift of volcanic crust
along the fault and not to volcanism and this idea is backed up

by gravity studiss over the featurs (Le Pichon and Talwani, 1969).
Luyendyk and Davies (1974) suggest a more complicated threa-—phase
origin for this ridgs. North 6? 7% they regard thzs ridges as being
the trace of a volcapnic point sourcs. Betwesn 7°S and the Osborn
Knoll they suggest the ridge was formsed by volcanism along a
"leaky" part of the transform fault boundary. South of the Osborn
Knoll the_ridge formad originally as s volcanic trace, than became
overprinted by volcanism along the transform fault boundary formad
by the southward jump of the south-zast Indian Ridge which occurred
come 35 to 40 million years ago (Laughton, [Matthews and

Fisher, 1971). According to McKenzis and Sclater (1971) the
northward extension of the Ninety East Ridge has been consumed by
the same trench which consumed the Tethyan Ocsanic crust north of
India,

To ths west of the Ninety East Ridge lies the Chagos-Laccadive
Ridge. This ridgs is also a north - south trending featurse, lying
at about 70o - 75%E and stretching from 10°% to 15°N where it runs
closs to India, sub~parallel with the coast. This ridge, and the
'Mascarene Ridge to the south-west are both equidistant from the
Central Indian Ridge and the ridge-—associated fracture zonss all
terminate against thess tuwo features. On the assumption that the
Central Indian Ridgs has spread symmetrically the Mascerene and
Chagos~Laccadive Ridges must have been contiquous at the start
of spreading on this ridge (McKenzie and Sclater, 1971). As the

Central Indian Ridge bscame .yolcanically active the Chagos-Laccadive



and Mascersene Ridges began to Torm, cither by volcanic svents
along the "leaky" transform fault which formec the westsron
analogue of the MNinety East Ridge or by drift over a holt-spot eresa.
Soma segments of tho ridge howevsr, ecpecially the Maldive Islands
segment, may be microcontinents rifted away from India during the
oarly phases of moveomont of tho Indian Plato (Avrahim and Bunco,
1977).

The origins of the [Mogcambique, fladagascar and Rodriguez Ridges
ars not clear. Laughton,Matthews and Fisher (1971) suggest that
the FMogambique and fladagascar Ridges are continental fragments
and Kutina (1975) has suggested that they are horst structures
formed by the subsidence of the intervening fogambique Channal
and Basin apzea which occurred as savly as the Lowsr Jurassic
(175 mey. B.P.). According to Laughton, Matthews and Fishexr
(1971) the Rodriguez Ridgs was formed by lefi-lateral movementa
along a west-north-west - east-south—-sast trendinmg Traciure zone
in the late Tertiary, during the same hiatus which formed the

volcanic islands of Réunion, Mauritius and Rodriguez.

Continental Fragmsnis

The Indian Ocsean is unique in the number and complexity
of fragments of continential crust entrapped within it. The
largest of thase and most problematical in terms of origin is
fladagascar. (logt rsconstructions of Gondwanaland place
Madagascar against the East African coast bstween the equator and
105 (Dietz and Holden, 19703 McElhinney, 19703 McElhinney and
Luck, 1970) howaver no satisfactory oxplanations of its sub-
sequent movemsnt have been produced. According to Smith and
Hallam (1970) fMadagascar had moved to its present position by
the mid-Cretaceous,howavar, no magnstic ancmaliss or fTracture

zones have been Tound in the western Indizn Ocean which might lend



wcight to this theory. Kutina (1975) has presented 2 very stirong

argument, using geoiogical evidence, to suggest that [ladagcccar

[N

has not moved from its present poszition with respect to Africa
since the break-up of Gondwanaland.

Another important continental fragment liess to the
north-east of Madagascar, this is the Seychelles Plateau, Like
ﬂadagascar, it is predominantly of pre-~Cambrian age and thas
islands in the Seychelles group form tha only granitic mid-oceanic
islands in the world (Baker, 1963). ﬁuqh of itz movenent ssems
to havs occurrsd sarly in the Indian Ocean®s history and its
arrival at its present position and its fit in the reconstruction
of Gondwanaland are still not fully understood,

Other arsas of the Indian Ocean floor which have suppossdly
continental crustal structure ars Broken Ridge (Ffrancis and Raitt,
1967), Kergudlen-Heard Ridgs (Laughton, McKenxie and Sclater, 1972)
and the Agulhas Plateasu (Laughton, fMetthews and Fisher, 1971).
According to Johnson et al (1976) only the south-oastern part of
the Kergublen Plateauy has a continental structure and this uwes
at one time contiguas with tho Broksn Ridge structurc. These
two featurss separated during an earzly phase of spreading on the
south-sast Indian Ridge 80 million yearc agsc.

It is still not known how the Aguihas Platgau fits in to
the original fragmentation of Gondwanaland and its continental
structure has even bsen questioned by Ls Pichon and Heirtzler

(1968) who detected larqge magnetic ancmalies across i%.

Contingntal Margin Area

The stzucture of the continasntal margins bordering the
Indian Ocean chows mazked difiersnces betwean northern and souther

areas. In western Australiz, south—-sast ATrica and Antarciica

the margins ara typical of inactive margins Tound elsewhera in



the world, with well-defined shelves and steep slopssz. O7F Zast
Africa the margin is dovnwarped and has considerable sediment
thickness (see figure 3) making the true edge of the continent
hard to determine. In the Argibian Sea and Bay of Bengal a esimilar
situation occurs, with large-scals depression and modification

of the crust (Curray & lMoore, 1971). Intense earthquake activity
in the Java Trench areas and its island-arc structure shouw

this area to be one of subduction, consuming the oceanic crust of
.the Wharton Basin, generated to the south. This appears to be

the only presently active subduction zone in the Indian Cecean.

A more detailed eurvey of Indian Ccean structure is beyond ths
needs of thie thesis and reference should be made to the detailed
discussions of this subject given by McKenzie and Sclater (1971)
and Laughton et al (1971) for fuller accounts of particular

aspacts.

Evolution of the Indian Ocean

t is sufficient here to give merely a brief résumé of the
ocesan's evolution. Fuller accounts of this topic are given by
McKenzie and Sclater (1971), Laughton et al (1972), Luyendyk
and Davies (1971) and Johnson et al (1976).

The oldest magnetic ancomalies gso far identified in the
Indian Ocean crust are only about 75 million years old and
detailed reconstruction can only be carrisd back this far. Prior
to this plate movements haué to be inferred from polar wandering
curves of the continents and interpretation is therefore very
con jectural.

Initial movements within Gondwanaland (comprising South
America, Africa, India, Auatralia and Antarctica) began during the
Upper Permian (McElhinney & Luck, 1970) when Africa and Antarctica

jointly moved northuard auay from the othar continents., It is nmot
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known exactly when Africe and Antarctica parted or when Indiz besgan
its northward flight from Antarctica, however the former is thought
to have happensd in the late Jurassic, 140-120 m.y. B.PF.,
(McElhinney, 1970) and the latier in the early Cretaceous, 120 to
110 m.y. B.P., (Johnson et al, 1976). In the Upper Cretacecus the
evolution of the ocean was dominated by the rapid northward mig-
ration of India, by as much as 17 c.m. per year, causing an oceanic
part of the Indian Plate to be tranferred to the Antarctic-Australian
Plate (Johnson et al, 1976). This period of spreading produced
much of the nértherﬁ Central Indian Basin and southern part of the
Crozet Basin and continued to tﬁe end of the Palaeocene (about

50 m.y. B.P.). Thus whilst most of the Wharton Basin is of
Cretaceous age, the Central Indian Basin south of the equator is
Palaeoene to Miocene in age. t about this time Australia and
Antarctica began to separate, with the inception of the South-Fast
Indian Ridge. The Australian, Antarctic and Indian Plates con-
tinued to spread at a slow rate until the early 0ligocene

(32 m.y. B.P.) when the separate Indian and Australian plates
became united by sealing of the transform fault now forming the
Ninety East Ridge. fore recently south—east Asia appears to have
potated westwards across the sea—floor generated by India‘s
northward flight, and to have arrived at its present position no
more than 10 million years ago, consuming part of the Indian Plate
in the Java Trench system. The ocean floor to the south—east of the
Java Trench in the northern Wharton Basin has been shown to be the
oldest part of the Indian Océan floor (Dietz and Holden, 1971;
Luyendyk and Davies, 1974) probably at least as old as the late
Jurassic (Heirtzler et al, 1973). An interesting and not yet sat-
isfactorily explained featurs of this part of the ocean is the

broad chain of isolated seamounts trending east-west which form
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the Cocos and Christmas Island groups. The area is weakly scis-
mically active and this has led Sykes (1970) to propose that this
may be the site of a nascent island arc system, but the evid-
ence is far from clear.

In the western Indian Ocean the main spreading centre bet-
ween 75 and 45 million years ago lay to the north of the Seychelles.
This gencrated the sea flaoor which nouw forms the Arabian Basin
and part of the Somali Basin. Thus the extensive sea-mounts in
the Northern Somali Basin, if they were formed at the ridge
crest and have since migrated dum to subsequent sea flonr spread-
ing, must bo Eocene in ago and 40 to 50 million years old. This
northern spreading centre was linked to the one south of India
by the Mascerene-Chagos-Laccadive Ridge which at this timen was a
camplementary transform fault to the Ninety Cast Ridno, facili-
tating the northward movement of India. The northorn epveading
centre was terminated in the north-west by the Owen Fracture
Zone = Chain Ridge structure (Laughton et al, 1972). Between about
55 and 35 million years B.P. relatively little new oceanic
crust was produced in the western Indian Ocean, and in the south
western part of the ocean this guiescent period lasted until 20
million years B.P., however some considerable movement along trans-
form faults is likely to have occurred.

In the last 35 million years the African, Indian and Antarctic
Plates have all moved apart along the slow-spreading Carlsberqg
Ridge (1.2. em./year/limb), the Central Indian Ridge (2.3 ecm. /
year/limb), the faster spreading South-East Indian Ridge (3 cm. /
year/limb) and the very slow-spreading, highly fractured, South
West Indian Ridge (<1 em. /year/limb). The Madagascar Basin now
forms part of the Somalian Plato but magnotic lincations south of

Réunion Island show that much of this basin formod as part of the



12

Antarctic Platan(WcKenzie & Sclater, 1971). The south-wast
Indian Ridgse must therefore have broken through the Antarctic
Plate, splitting off the [Madagascar Basin and transferring it to
the Somalian Plate. Contrary to what might be expectsed thersfore
the floor of ths Madagascar Basin agss from north-sast to south-
west whers at its oldest it is at lesast sarly Palacocens in ags
(65 million years B.P.). It appears that very little contribution
to the floor of this basin has been made by spreading along the
south-west Indian Ridge. To the north qf the Madagascar Basin,
the Mascerans Basin has not shown any clear magnetic lineations
and McKenzie and Sclater (1971) regard this part of the ocean
floor as being oldser than lats Cretacescus. To ths south-sast of
the Madagascar Basin, the northern part of the Crozst Basin
appears to have been prdduced almost exclusively from sprsading
along the south-sast Indian Ridge rather than the south-wsst
branch, and north of about 35°S ig of Palasocens and youngsr ags.
The evolution of the Indian Ocean south and west of the
Madagagcar Ridge is extremely uncertain, howsver it seems that
several continental fragments may occur in this area and that
the Mogambique Basin and Channel area may be graben-typs structures
rather than having been formed by ssa~floor spreading (Kutina,

1975).

(1iii) SEDIMENTATION

As with many aspects of the Indian Ocsan, study of its
sediments has not besn as detailed as that carried out in the
other major oceans. Howsver, two sedimentary parametsrs appear
to be of great importanca in controlling the distribution and
composition of marines ferromangansse nodulss, thess ars sed-

imentation rate and sediment type (Price & Calvert, 1970;
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Greenslate et al, 1973; Horn et al, 1973; Lyle et 2l,1977). These
parameters and their variability throughout the Indian Ocean ars

examined in the following discussion.

(a) Sedimentation Rates

. Early studiss of sedimentation rates in the Indian Ocean
(Baranov & Kuzima, 19583 Starik st al, 1958; Goldberg & Koide,
1963) all involved very limited numbers of samples. [lorsover thess
ars not directly comparabls studiss since ths Russian worksers age-
dated their samples using total Th content of the sampls whilst
Goldberg and Koide tried to sliminate Th introduced by land-derived
detrital minerals. ‘Furthermors, Goldberg and Koids re-calculatsd
their data on a biogsnic carbonate—-fres and silicate-fres basis
and so their figures arse not indicetive of total sediment accum-—
ulation rates. However gll thres groups of worksrs agreed that
ssdimsntation rates in thse Indian Ocean seemed to be intermsediats
betwesn those obsserved in the south Pacific and those observed in
the north Pacific and Atlantic Oceans. A later study, using 40
cors samples, by Opdyke and Glass (1964) confirmed thess findings,
and observed ssdimentation rates in pelagic areas of bstwsen

3 mm. and 7 mm. per thousand ysars. Howsver, on elsvatsd ridgs
arsas they observed sedimentation rates of 10 mm. to 20 mm. per
thousand years.

As a result of the International Indian Ocean Expeditiocn in
the sarly 1960's much more material became available for study,
seismic studies revealed the thickness of unconsolidated ssed-
iments throughout the ocsan and sedimentation ratss wers calculated
using isotopic and magnetic reversal techniques on the many cores
collected. Using this information it becams possible to compile
a map showing variation in totsl sedimentation rates thrcughout

the Indian Ocean, and this is shown in figurs 2. From this map
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it can be seen that there are three areas of the Indian Ocean with
high sedimentation rates (i.e. greater than 10 mm. per thousand
years). The largest of thess, and the area where sedimentation is
the most rapid of all, lies in the northern part of the ocean form-
ing a wide band around the coastline of India. This area of high
sedimentation stems from the huge input of terrigenous material
brought down by the great Indian rivers, especially the Indus and
the Ganges, which supply, respectively, 435 million tons and 1450
million tons of sediment per year to the Indian Ucean (Rateev et
al, 1569). A thin belt of the ocean floor receiving equally rapid
sedimaentation extends from this northern area doun the east coast
of Africa and Arabia. It is likely that a thin strip of rapid
sedimentation girdles the whole of Africa and Madagascar but no
details of sedimentation rates in this near-coastal area are knoun
at prasent,

A second éone of rapid sedimentation occupies the southern part
o+ the Somali Basin and the northern [Mascerene Basin, stretching over
the interuening Seychelles Plateau and Saya de falha Bank. In vieuw
of its geographical position this area is not likely to be receiv-
ing large amounts of continental run-off except perhaps in the
extreme south-west. The high sedimentation rate therefore is probably
due to rapid deposition of biogenic carbonate material in an aree
of the sea~floor which is aboueythe carbonate compensation depth
(C.C.D.) and lies beneath a zone of high biological productivity
(see Section 2).

A third area of high sedimentation rates occupies much of the
northern part of the Wharton Basin and from here stretches in a
thin band round the coast of Australia thence southuwards into the
Antarctic zone of high biological productivity. The high sedimenta-~

tion rates in the Wharton Basin are difficult to account for,
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particularly since much of the ocean Tloor here is well below
the carbonate compensation depth. Continental run-off is unlikely
to be a major contribution to the sediments of the Uharton Basin
since no large rivers drain into it from Australia and much of the
run-of f from the Indonesian Archipelago is likely to be trapped
in the Java Trench system. However, the northern part of the
Easin is characterised by many sea-mounts and these may have a
significant, though local effect on sedimentation rates due to
slumping down their flanks. This mcchanism was put forward by
Opdyke and Glass (1969) as an explanation for the sedimentation
rates of up to 20 mm. per thousand years which they observed in
this basin.

Apart from the Wharton Basin, low sedimentation rates are
typical of the deep basin areas below carbonate compensation
depth and beyond the limits of transport of land derived material
by turbidity currents. Such provinces occur in the northern
Somali Basin and distal parts of the Arabian Abyssal Plain,
in central and southern areas of the Central Indian Basin, in
southern parts of the Madagascar and Wharton Basins and much of
the Crozet Basin. The areas with the lowest sedimentation rates
occur in the Crozet Basin and parts of the southern Wharton and
Sauth Australian Basins. These areas appear to be areas of strong
bottom current activity and there is evidence that sediment
erosion rather than deposition may be occurring at the present
time in these areas (Kolla et =21, 1976; Kennett and Watkins, 1975).
Bottom current activity may also be & cause of low sedimentation
rates in the southern part of the Madagascar Basin (Kolla et al,
1976e). No data on sedimentation rates are available for the
Mogambique Channel area although in view of the large rivers

draining into this area sedimentation rates are likely to be high.



However, there is evidence of strong bottom current activity in
the area (Vincent, 1972; Kolla et al, 1976c) and these currents
may markedly affect sedimentation rates producing lccal provinces
of slow- or even non-deposition.

Most of the elevated reqgions of the Indian Ocean, especially
the mid-ocean ridge system, are characterised by high sedimen-
fation rates {Opdyke and Glass, 1969), mainly by virtue of their
being abovo the carbonate componsation dopth, and thus recoiving
large amounts of biogenic carbonate déﬁris. However, because of
the very rugged nature of the topography of these regions sedi-
mentation rates can fluctuate wildly over comparatively short
distances, rendering any measurement of an average sedimentation
rate for such areas almost meaninglsss.

The thickness of accumulated sedimasnt is obviously a function
of sedimentation rate and time. Thus. if the age of the oceanic
crust in a particular locality is known it can be roughly ascertained
whether or not present rates of sedimentation are similar to those
.which operated in the past. Ewing et al (1969) compiled a map
of unconsolidated sediment thickness in the Indian Ocean using
seismic profile data (see figure 3). From'.this diagram it can be
seen that areas with thick accumulations of sediment generally
correspond to areas with rapid sedimentation rates. This is
especially marked in the area of the ocean fed with sediment by
the Indus and Ganges rivers. According to Ewing 2t al (1969),

40% of the total volume of sediment on the Indian Ocean floor is

to be found in the huge abyssal fans produced by these two rivers.

At its thickest the Ganges cone is more than 3 km thick and

Ewing et al (1969) have estimated that sedimentation rates on the cons
since the mid-Miocene have been as high as 170 mm. per thousand

years.
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FIGURE 3

Thickness of unconsolidated sediments in the Indian
Ocean measursad by seismic reflection studies (from
Ewing et al 1969).

Contours in seconds of travel time (1 sec. = 100 m,
of sediment).
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There are somc reglons with comparatively thick sediment

es are at present very louy,

ci

cover but where sediﬁentation ra
this applies in particular to the south-western part of the
Crozet Basin and the soutliern YWharton Basin. Evidcnece Tran
cores taken in the vicinity of Australia, houwever (Payne and
Conolly, 19723 Uatkins and Kennett, 1973) shouws that there has
.been a marked increase in bottom current velocity around
Australia during the last 3.5 million vears. This current, pro-
duced by an increased supply of Antarcfic Ocean Bottom lYater
(AABW) has caused widespread winnowing and erosion of scdiments
in the South Australian and southern Wharton Basins (Kemneti and
Watkins, 1975). This comparatively recent change in sedimentation
pattern is reflected in the low sedimentation rates measured over
the last three—guarters of 2 million years and shown in {igure 2,
but is in contrast to the generally higher sedimentation rates
which must have been operating prior teo this, as evinced by the
total sediment thickness which is shown in figure 3. The low
sedimentation rates presently ocecuring in the Crozet Basin may
be partly due to similar scouring action by AABW flowing north-
ward in this basin (Kolla et al, 1976c). According to Zwing et
al (1969) the area of thicker sediment cover at about 405 in the .
western Crozet Basin is a small abyssal plain Tormed by inter-
nittent slumping of material from the Crozet Plateau to the
south-west.

The generally high sedimentation rates in much of the Indian
Ocean west of 65 E are in agreement with the fairly thick sediment

o~
s

accumulations present in much of this region. imilarly the lou
sedimentation rates occurring in the southern parts of the Central

Indian and Madagascar Basins arc in agreement with the thin sedi-

mentary accumulations there, even allowing Tor the Tact that parts
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of these basins are as o0ld as Palasocene age.

Of the basin areas of the Indian Ocsan, only thse northern
part of the Wharton Basin appears to have sediment thicknessas too
small to be a result of prolonged ssdimentation at the rates which
are currently occurring. This is particularly so in visw of the
fact that this part of the ocean floor is amongst the oldast in
the Indian Ocean, being at least lats Cretacsous in age and thers-
fore over 70 million years old.

Another example of apparent disaquilibrium is provided by the
mid-ocean ridgs system. According to Ewing st al (1969) the mid-
ocean ridge system is largely sediment-free for distances of up to
100 km. from tho ridge crest. According to these authors this
provides proof of the relatively young age of the crust along the
ridge system. However, many sediment samples have beeon racovsred
by research vessels from areas on the ridge, sven very near
the ridgs crest itself. Sevsral nodulss analysed in this study
cams from ths mid-ocean ridge and these must obviously have baen
underlain by sediment. Thus it sesms that sediment cover doss
exist on the ridge and that whilst it may be thin or absent in
many placss it occurs in thick ponded accumulations in others.
Indeed Opdyke and Glass (1969) found that sedimentation
rates on the miﬁ-ocean ridge wers amongst the highest observed
in the Indian Ocean. The failure of Ewing et al (op. cit.) to
detect sediments on the ridge probably rssults from their very
irregular distribution and also from the problems of detascting
thin sedimant cover by seismic techniques in areessof rugged
topography.

Rpart from the Wharton Basin and the areas whsre recent
bottom current scour has been shown to be taking place, present

sedimentation rates over much of the ocean do notseem to be
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markedly in conflict with the thickness o7 accumulatzd scdiment.
However, it is dangerous to assume from this
rates eand conditions have been uniform throughout the geological

past. For example Luyendyk and Davies (1974) have shoun that

9]

a2 wide-spread sedimentary hiatus seems to have occurred in the
Indian Ocean in the Oligocene Period and this lasted in samc
localities up until less than 10 million years ago (late FMiocene).
During this period unéonformities were foried due to non-donosition
and to dissolution of carbonate sediments., This hiatus occurs at
many of the D.S.D.P. sites in the Indian OUcean and in caores
exanined by other warkars (Opdyks and Glass, 1969). Whilst
Luyendyk and Davies (1974) have amphasised the danger of drawing
reginnal conclusions on the evidenco of single core s
Davies et al (1975) have used palaco-reconstructions of the Indian
Ocean together with D.5.0.9, site information to construct mans
showing the areas of the Indian Ccean floor aifected by this
hiatus. At its most widespread it seems to have affected all the
basins of the Western Indian Ocean, the Central Indien Basin and
the Wharton Basin, however in each of these basins the stratigraphic
record shows that the hiatus commenced and terminatec at dilferent
times.

Since periods of very slow or even negative accumulation
of sediments are likely to be particularly favourable for the
growth of nodulos, it is tempting to try and tie in such scdimentary
hiatuses to the initiation and development of the main nodule

fields in the Indian Ocean. Such a study has boen atieomnted on

a local scalo in the south-wast Pacific by Pautot and fMelouen (197 ).
Thocn aulbore Pound a nodulo Fleld sitbing on codimenbls in owirich
there had becn an Oligocenc to Quaternary hiatus and thiny sugonsind

that this hiatus and periods of nodule growth were closcly connactod
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with pulses of AABU, which had affected the area in the past.
A similar conclusion was reached by Kennett and Watkins (1975)
for the nodule pavement in the south-east Indian Ocean.

One problem in attempting to carry out such a study on a
large scale is the determination of the likely maximum and mini-
mum ages of particular nodule fields. Using the slowest reliable
estimates of nodule accumulation rates, 1 m.m. per million years
(Ku and Broocker, 19G9; Krishnaswami ot al, 1972), then tho
largest pelagie nodules investigated in this study are not likoly
to be more than 20 million years old. [Even assuming such a slow
growth rate many of the samples investigated must be much
younger than the occeanic crust underlying them, indicating
that tho growth of these samples did not bogin until some con-
siderable time after the formation of the undorlying coust.

Higher grouwth rates however have been calculated by many other
workers (Grant, 1967; Heyo, 1975; Sugimura et al, 1975) and these
infer a maximum age of Indian Ocean nodules of only about 3 million
years., The large discrepancy between these two sstimates and the
fact that no age-dating work was carried out on the samples used

in this investigation, means that no correlations can

be realistically postulated between nodule development and scdi-
mentary hiatuses in the Indian Ocean. Only when nodule accumula-
tion rates can be more accurately ascortained will it be poss-

ible to fully investigate any relationships which may exist betwecn
sedimentary hiatuses, bottom current activity and nodule growth.

In addition, much more information must be gathered on the strati-
graphic history and the nature of bottom current activity in

many areas of the Indian Ocean.
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(b) Sediment Tvoe

Very littls regionzl investigation. of sediment typs in
the Indian Ocean was carried out until the lats 1960's, uwhen,
as a result of the International Indian Ocean Expodition,
‘abundant samples becamse available. The early ocean-wide studies
by Griffin et al (1968) and Ratesv et al (1969) wers limited
by the relatively small numbers of samples used. Moreover,
these studies wore concerned primarily with the clay-minaral
aggemblages of the surface sediments rather than with overall
sedimant type. Later work carried out by Goldberg and Griffin (1970),
Vankatarathnam and Biscaye (1973) and Kolla et al (1976) uas
more detailed but again concentrated specifically on the clay-
mineral assamblages. A study of the clay-mineral fraction of
sediments provides no knowledge of overall saediment composition
and therafors of the relative importance of different types of
sedimant. Howsver, with cnly one or tuwg exceptions, such as
rapidly-deposited cacbonate-oozss, clay minerals do form a
significant, if not major, componont of desp-ssa sedimants and
a knowlsedgs 6? the clay mineral assamblage of samples therafore
proves a useful guide to the relative importance of paramsters
such as aeolian transport, continental run-off and submarine
volcanism as suppliere of material to the sea-bed. Griffin et
al(1968) showed that the marked bipolar andlatitudinal dis-
tribution of clay minerals seen in the Pacifiec and Atlantic Ocsans
does not saem to occur in the Indian Ocean, although Rateesv st
al (1969) found some evidence of such a distribution., Vankatarathnam
and Biscaye (1973) suggested that the lack of marked latitudinal
variations was due to the asymmetry of the continsnts surrounding
the Indian Ocean, most of the land lying to the north and west

of the ocsan. Based on the distribution of characteristic mineral
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assemblages Xolla st al (1975b) recognised threes different types

of sedimentary province in the Indian Ocean. Thase were ac follous:-

Type 1. - Montmorillonitao-rich provinces, the montmorillonite
baing derived fTrom the alteration of in-situ basalts, and
showing no evidence of long-distance transport of material. The
main areas of this type are the southern part of the Central
Indian Basin, parts of the Central Indian Ridge, the north-
eastern Somalil Basin and a small area on the Agulhas Plateau

of f southern Africa (see figure 4).

Type 2. — Provinces enriched in a particular mineral or minerals,
which have basen derived from.continents or submarine volcanic
areas and which show evidence of long-distance sediment transport.
This group includes the Arabian, Incus, Cesccan and Ganges
Provirces in the northern Indian Ocean, the Central African,
Madagascar, Zambezi and South African provinces in the wsst and
the Antarctic and Antarctic-Crozet Provinces in the south

and the Australian and Indonesian‘Provinces in the sast. The

Indus and Ganges provinces are illite-rich and contain clays
primarily derived from the run—off of these rivers. The

Dsccan province is formed by the products of run—off of the
southern Indian rivers. The Arabisn Province, which includes

much of the Carlsberg Ridge, contains appreciable palygorskits

and shows evidencs of appreciable aeclian transport of material.
The Zambszi Province sediments are thought to be kaolinite-rich

in addition to containing abundant illite, although the minsral
composition of tha sediments brought douwn by this river is not
known accurately at present. However, the Zambezi is the only
major river currently entering tha western Indian Ocsan and tha

100 million tons of sediment per year which it supplies, whilst
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Clay minsral provinces in the Indian Ocean (adapted from
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nothing like as large as that supplied by the Ganges (1450 million
tons) or the Indus (435 million téns) (Rateev et al, 1959), ncver-
theless exerts a significant influence on sediment type and distri-
bution in the waestern Indian Ocean. The Central African and
Madagascar Provinces are kaolinite-rich, inferring that much
of the material is derived from run-off from the kaolinite-rich
éoils of Eaét Africa and Madagascar. Lack of knowledge of ocean
currents in these areas precludes an accurate knowledge of the
processes of distribution of this matefial however. The Australian
province is also kaolinite-rich but since there is very little
river drainage from western Australia much of the material must
be transported to the ocean by the south-sast trade-winds. By
contrast, the illite-rich south African Province derives its
material mainly from run-off from South African soils. The
Antarctic Province is also illite-rich, much of this material
appears to have been derived from the Antarctic Continental margin
and to have-been transported northwards by the AABUY.
The Antarctic~Crozet Province is montmorillonite-rich and
occupies the Crozet Basin, part of the South-West Indian Ridge
and the eastern parts of the Madanascar and Mascerene Basins,
This pattern of montmorillonite-rich sediments results from the
transport of montmorillonite-rich clays from the volcanic regions
of the Crozet and Kerguélen Plateaux by AABW. The continuation
of this province north of the South-West Indian Ridne indicatoes
that this current is able to traverse the ridge (see Section 2).
Another montmorillonite-rich province is the Indonesian
Province. In part this is a north-eastward extension of the
montmorillonite province in the southern Central Indian Basin
but east of BODE thers appears to be a gradually increasing con-

tribution to the sediment of Indonesian tephra, transported
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partly by north-sast trades and partly by equatorial surface currente.

Iyps 3. = This type of province contains nc clay mineral in
particularly high amounts and the origin of the sediment is
therefore more obscure, probably resulting from the ad-mixing
of material 7rom sesveral other provinces. Provinces of this
fype include areas eact of the Horn of Africa (Somalian Province),
south of Madagascar (the Zambezi-Madagascar and Zambezi-in-situ
Provinces) and the central part of tha.Central Indian Basin
(mixed-illite Province). Lack of accurate knowledge of botteom
currents in these areas prevents detailed understanding of tha
relative importance of other sesdimentary provinces in supplying
material to thesse arsas.

Maps of surface sediment-~type in the Indian Ocean have
been compiled by Luyendyk and Davies (1974) and Udintsev st al
(1975). The mep compiled by Luyendyk and Davies is based on the
fairly limited regional dats obtasined from D.5.0.P. drilling
sites throughout the ocean whereas that by Udintssv st al
(figure 5) is based on many hundreds of cores collescted during
the Intecnational Indian Ocean Expedition and is the one used in
the following discussion.

Both mapslare in broad agreement although ssveral differ-
ences of note do occur. Of the mors important differencss,
Luyendyk and Daviss (1974) infer a greater terrigenous infl-
ence in Mogambiqua Channel and Arabian Abyssal Plain sediments
than that shown by Udintsev st al (figure 5).'In view of tha
iarge amounts of terrigenous materials entering the Mogambique
Channel, as discussed above, the area of predominancs of <this
type of material indicated in figure 5 does gseem surprisingly

small and may have to be modified as 2 result of future work.
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Luyendyk and Davies (1974) also infer a larger area of siliceous
ooze occurrence in the Wharton Basin than that sungested by
Udintsev et al (1975) (fiqure 5). According to Luyendyk and Davies
silicecous ooze covers the whole of the northern Wharton Basin
stretching right up to the Java Trcnch system and running along
its whole length, wheroas Udintsev et al suggests that siliceonus
ooze has a more limited occurrence in the Wharton Basin., The
only other major diffcrence betweon the two intorpretntions is
the classification of Crozet Basin scdimcnts ns siliceous by
Luyendyk and Davies whereas, according to Udintsev et al, these
sediments. are pelagic clays. Most of these discrepancies can
probably be accounted for by the diffcrent proportions of each of
the four investigated components which was regarded by each of
the authors as being the minimum required before a sediment
could be classed as being of a particular typc. The relative
proportions used by Udintsev et al (1975) are given on figure
5, but Luyendyk and Davies (1974) do not indicate what criteria
they used to classify their samples and therefore no confirmatior
can be gained of this explanation for the observed differcnce.
Apart from the areas already mentionod, terrigenous sediments
in the Indian Ocezan occur in thres separate areas, all in tho
northern Indian Occan. Two of .these aroas are small noclkobs
of torrigenous serdimont lying below the carbonate compensation
depth (C.C.0.) in the deepest parts of the Somali Basin and
the Arabian Abyssal Plain. The third arca is much laraer,
occurring both below and above the C.C.D. and stretching south-
wards in two lobes from the Bay of Bengal. The western lobe
extends to about 5°S but the eastern lobe cxtends slightly

further south and also occupieé a2 wide strip off the Indonessian
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Archipelago as already discucsed.

Siliceous ocoze sediments form an cven smaller proparilon
of the total surface sediment of the Indian Gcean and occur only
in three isolated patches in the deepest parts of the tropical
ocean. All three patches lie immodiately to the south of arzas
of predominantly terrigenous material, one in the Somali Basin,
one in the Central Indian Basin and one in the Wharton Basin.
Pelagic "red"-clay sediments occur in all the major basins below
the carbonate compensation depth and thus are found in the
Mogambigue, Madagascar, Mascercne, Crozet and South Australian
Basins, in the Somali Basin and in much of the scouthern Wharton
Basin, extending from the latter into the South Australian Basin.
The rest of the Indian Ocean floor, including vast areas in the
wostern and southern ocean is at or above the C.C.D. and con-
sequently is covered by carbonate ocgzes. The areas with sediments
containing greater than 20% calcium carbonate, shown in figurc 5,
agree very ‘well with the map of calcium carbonate distribution
in Indian Ocean sediments produced by Kolla et al (19702) from
over 1200 surface sample analyses. These authors found the most
carbonate-rich sediments (groater than 85% calcium carbonate)
occurred in a fairly narrow belt stretching from the Seychelles~
[lascerene Platesau in the north—yest to east of the Kergu&len-
Heard Plateau in the south-east; where the belt is also at its
widest. Sediments equally high in carbonate occur in small areas
on the southern part of the Ninety East Ridge, on the Madagascar

and Mogambique Ridges and on the Agulhas Plateau.
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SECTION 2

OCEANOGRAPHY

(i) OCEAN CURRENTS

As was discussed brisfly in the preceding section, ocean
currents, particularly bottom currents, by their influsnce on the
bottom environment, sesm to play an important role in the develop-
ment of marine ferromanganese.nodules. In order to investigate
this role more fully, detailed knowledge of present-day and
palaso—-bottom currents is needed and for many areas of the Indian
Ocean, no such information is available at prasent.

It appears from the work of several authors, howsver, that
the most important source of major bottom currents in the Indian
Ocean is Antarctic Bottom Water (AABW) (Payne and Conolly, 1972;
~ Kennatt and Watkins, 1975; Kolla et al, 1976¢c). Wheraver this
water finds its way northwards into the Indian Ocean it has a very
marked effact on the bottom environment. Whers the bottom current
is very strong it can erode the surface sediment by winnowing
action (Watkins and Kennett, 1977); where current velocity slackens
it can re-deposit suspended material (Burckle et al, 1974) and in

all aresas it has a marked sffect on carbonats dissolution ratss

beacuse of its marked undersaturation in calcium carbonate (Kolla
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et al, 1976a). The production of this current of very cold bottam
water has occurred progressively over the last 60 million years

as Antarctica has become increasingly glaciated, (Kennett et al,
1974). Fluctuations in the strength and activity of AABU are
likely to have occurred in the past due to variations in climate
and the effects of sea-floor spreading on the bottom enviroment.
In particular, the glabal deterioration of climate over the last

2 to 3 milliﬁn years has increased the activity of this current
since the late Pliocene (Watkins and KaAneﬁt, 1973).

Le Pichon (1960), Wyrtki (1971), Kennett and Watkins (1975)
and Kolla et al (1976c) have shown that AABW finds its way into
the Indian Ocean .by three main routes, (see figure 6).

1. A westerly route from the Atlantic~Indian Basin, via
relatively deep passages in the Atlantic~Indian Ridge, into the
Agulhas and Mogambique Basins.

2. A central route from the sastern Atlantic-Indian Basin
directly into the Crozet Basin.

3. An easterly route from the South Indian Basin, via
passages in the South-East Indian Ridge into the South Australian
then Wharton Basins.

The circulation and spreading of each of these three tongues
of bottom water has been described by Kolla et al (1976c) and is
summarised in figure 6.

The Source of AABU in the western Indian Ocean is the Atlantic-~
Indian Basin from whence the water traverses the Atlantic-Indian
Ridge through two passages, one at 200~25°E and the other, major,
passage at 35°E. Some of this bottom water spreads between the
Agulhas Plateau and the South African coast but most passes
northwards along the western side of the Mocambique Basin to about

2595 where the shallow Mogambique Channel appears to prevent further
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prograess and the current returns southwards along the eastern side
of the Mogambique Basin. Temperature and salinity data obtained

in the Mogambique and Madagascar Basins (Wyrtki, 1971; Warren, 1974)
suggest that no significant transfer of AABW occurs between the two
basins.

In the Crozet Basin strong northward fllowing bottom currents
caused by spreading AABW have been inferred from evidence of
erosional features, sediment reworking, turbidity and direct current
measurement. This tongue of bottom wateg appears to traverse the
South-West Indian Ridge and flow into the Madagascar Basin. This
theory is borne out by bottom-water potential temperature svidence
(Wyrtki, 1971). An area of sediments extending from tﬁe Crozet into
the Madagascar Basin, which is particularly low in carbonate (Kalla
et al 1976e) and containsAntarctic diatoms (Burckle et al, 1974) also
indicates that AABW is able to pass through the South-West Indian
Ridge from the Crozet Basin. Warren (1974) and Kolla et al (19706c)
suggest that such a passage exists at about 260—2905 and 60°-54°E.
That this passage is a major one, allowing substantial flow of
AABW is indicated by the very marked effiects which the current has
on the floor of the Madagascar Basin, producing erosioqal features
and giant ripple-marks (Ewing et al, 1968). From the Madagascar
Basin AABUW flows northwards into the Mascerene Basin and then into
the Somali Basin. Bottom potential temperatures and salinity
measurements (Wyrtki, 1971) indicate that AABU tréVBrses the Carlsberg
Ridge through a passage in the region of the Chain Ridge and then
flows into the Southern Arabian Basin. However, the vigour of the
AABYW in the Somali Basin and more especially the Arabian Basin, is
greatly diminished compared to the souﬁhern basins.

In the South Indian Basin AABUW flows westwards from its source

in the Ross Sea area until it reaches the Kerguélen Plateau, whers
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it turns northwards then eastwards. Some AABW traverses the South-
East Indian Ridge through a passage at about 1200—125°E and enters
the South Australian Basin where it travels westwards. Intense
erosional and other features indicative of strong bottom current
activity show that this bottom water spreads into the Wharton
Basin via the narrow deep gap between the Naturaliste Plateau and
the Broken Ridge (Kennett and Watkins, 1975). The bottom water
temperature in the whole of the Wharton Basin is cold (Uyrtki, 1971)
homeuef, Kolla et al (1976c) found littie evidence of bottom current
activity north of about 25°S in this basin. This may be because
the AABW entering the lWharton Basin is less vigourous than that
in the south-western Indian Ocean. This could be partly due to its
circuitous route from its source and the fact that during its pass—
age over the South-East Indian Ridge it eppears to become admixed
‘with significant amounts of Antarctic Circumpolar Water, making it
warmer and more saline (Kolla et al, 1976c). Another reason for the
apparent lack of bottom current activity in the Wharton Basin is
that this basin forms a very large, wide, deep arsa and the AABU
may therefore spread uniformly everyuwhere over the basin floor rather
than behaving as a strongser cufrant confined to a narrow, deep recgion.
According to Kolla et al. (1976c) soms AABW may spill over from
the South Australian Basin into. the Central Indian Basin via a deep
gap between the Broken Ridge and the South~East Indian Ridge. The
Ninety East Ridge seems to form an effective barrier to AABU flowing
into the Central Indian Basin from the Wharton Basin, although small
amounts may be able to pass'through some of the deeper gaps in this
ridge. However, the deep~water temperatures in the entire Central
Indian Basin are the highest of any ;ndian Ocean basin at corres-
ponding. latitudes (Wyrtki, 1971) and this indicates that this basin

is receiving much less AABW than any other Indian Ocean Basin.
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This is confirmed by the apparent lack of sea-floor features indica-
tive of bottom current activity in this basin.

Thus most of the strong bottom current activity associated with
AABW occurs in the south-wastern part of the ocean. The basins of
the eastarn Indian Ocean, except for the sguthern part of the Wharton
Basin, show little evidence of strong bottom current activity at
tHe prasant tima.

Other Curronts

Strong bottom current activity occurs in several areas of the
Indian Ocean which are at depths too shallow for the current to ba
caused by AABW., For asxample, thq high currant velocities measured
ovar the Agulhas Plateau are caused by bottom water which is quite
warm and saline and low in silica (Wyrtki, 1971). According to
Kolla et al (1976c) this current is caussd by North Atlantic Deep
Water (NADW). This current flows across ths Agulhas Plateau then
continues eastwards, mixing with Circumpolar Deep Water, and north-
wards, travelling both sast and west of Madagascar. UWest of
Madagascar the NADU does not penetrats north of 1905 (Vincent, 1972)
bacause the ssa-floor here shoals to laess than 3000m. preventing
furthar prograss. In fact it appears that at about 19°s the NADW
turns and flouws southwards again in a similar manner to AABW in
this region (Kolla et al 1976c). Thase authors also report a
southward flowing bottom water iﬁ the Bengal Basin area but they do
not attribute this to AABUY. Bbtyom current indications in many
other localisad shallow arsas of the ocean ares also likely to be
causad by water masses other than the AABW. For example, the con-
siderable sediment erosion which has occurred on the Naturalists
plateau is thought to ba due (Wyrtki, 1971) to Circumpolar Desp
Water admixed with North Atlantic Deép Watser.

Unlass detailed work is carried out in each region, the source



of bottom currente in localised, shallow zreae of the ocean
cannot be establiehed., However, it is obvious that on an ocean-wide
basis, by far the most important water maes in terme of its effect

on the bottom environment ie Antarctic Bottom UWater.
(ii) BIOLOGICAL PRODUCTIVITY

Gresnelate et al (1973) suggested that the nodule dietribution and
compoeition might be affected by surface biological productivity
of the overlying ocean and these workers Haua inferred that the bio-
genic debrie forme an important source of trace metale, sspecially
of Ni and Cu in bottom waters. It is thus worth examining the bio-
logical productivity of the Indian Ocsan briefly.

Remarkably little wes known about regional variatione in bio-
logical productivity in the Indian Ocean until the late 1960's when
the many eamplee collected during the International Indian Ocean
Expedition were etudied. This work hae enabled maps showing the
variation in primary phyto- and zoo- plankton to be compiled for
the Indian Ocean. Figure 7 shows the variation in phytoplankton
productivity in ths Indian Ocean, and it is immediately obvioue
that the most productive arsas of the ocean are the coastal arsase
of India, Arabia and parte of Africa and Indonssia. These regions
are areas of upwelling (Krey, 1973) where "young" nutrient-rich
water is brought to the surface, encouraging high productivity.

There are also arsas of comparatively high productivity bensath

the weeat-wind déift eyetem in the southern half of ths ocean

(Krey, 1973) and to a leeser extent in the equatorial current region.
However, thie equatorial region of enhanced productivity ie dis-
placed elightly to the eouth of the equator and is very narrow

and not nearly eo marked as the belte seen in the Atlantic and Pacific

Oceans,which are symmetrical about the equator (Koblotz-Mishke
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et al, 1970). Areas of low productivity occur throughout much of
the Central Indian Ocean south af 1503 and also in a smaller region
betueen the equator and 1003, to the south of Sri Lanka. According
to Krey (1973) thess are the "desert" regions of "old" water, where
surface currents are weak, the thermocline well-developed and
upwelling of fresh nutrient-rich water therefors at a minimum.

The map of total zoo plankton productivity in the Indian
Ocean compiled by Rao (1973) (figure 8) is based on less detailed
sampling, especially south of 1005, and ‘this is reflected in the
rather patchy nature of the map. However, it is again obvious that
the regions of extensive upuwelling off the coasts of India, Arabia
and parts of Africa and Indonesia are the most productive areas.
The findings of Rao (1973) are in general agreement with those o
earlier work (Panikkar, 1968) although an equatorial region of
enhanced productivity weakly defined by Raols data was not detected
by Panikkar,

The lack of a marked equatorial zone of high biological prod-
uctivity in the Indian Ocean is in contrast to the productivity
patterns observed in the Atlantic and Pacific Oceans (for example
ses Koblentz-Mishke et al, 1970). An explanation for this unique
feature of the Indian Ocean is praovided by the behaviour of the
Equatorial Undercurrent. This current flouws sastwards in s narrouw,
well-defined belt beneath the squator in all three major sceans,
with the core of the current at a depth of 50 - 150 m. (Sharma,
1968). This current is associated with upwslling in equatorial
regions and it is this upwelling of fraesh, nutrient-rich water
which is responsible for the high biological productivity in'
equatorial ocean waters. The Eguatorial Undercurrent persists
throughout the year in the Atlantié and Pacific Oceans, however the

Indian Ocean is unigue in its exposure to the seasonally-varying
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monsoon-wind system and these winds cause the Equatorial Undercurrent
in the Indian Ocean to disappear during the south-west monsoon
period (May to October) and reappear during the north-east monsoon
(November to April) (Sharma, 1968). During the south-west monsoon
the equatorial region of the ocean is in fact one of sinking water
whilst upwelling occurs to the north and south. This phenomena
aérees well with the seasonal variation in zooplankton productivity
observed by Panikkar (1968). He showed that productivity in the
equatorial Indian Ocean is low during the south-west monsocon but
high during the north-east monsoon when the region reverts to one
of upwelling as the Equatorial Undercurrent becomes re-established.
fhus when average productivity of the equatorial region for the
whole year is compiled no marked region of high productivity is
observed. In addition to the seasonal nature of the Equatorial
Undercurrent in the Indian Ocean, Krauss and Taft (1964) and
Swallow (1954) have shown that, in contrast to its markedly
symmetric behaviour in the Atlantic and Pacific Oceans the
Eguatorial Undercurrent is displaced southwards by as much as

3% of latitude in this ocean.

Despite the rather limited nature of the equatorial zone of
high biological productivity in the Indian Ocean, Kolla et al
(1976c) have shoun that increased carbonate rain in the equatorial
regions depresses the carbonate‘critical depth (depth at which the
calcium carbonate content of sediments falls below 10%) to more
than 5100 m. betwaen 100N and 10051 Howsver, these authors stats
that this depression of the carbonate critical depth (C.Cr.D.)
may be due to other factors apart from enhanced productivity.

According to the theories of Gresnslate et al (1973) and
Piper'and Williamson (1977) the C.Cr;D. and lysocline are important

factors in controlling the regional compositional variation of
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Terromanganese nodules since significant dissolution of carbonazte
débrig occurs between these depths. This dissolution process
leads to the release into the deep waters of trace metals contained
in the carbonate organisms. Figure 9 shows the variation in depth
of the C.Cr.D. and lysocline with variation in latitude through-
out the Indian Ocean, excluding areas 'where dilution by terrigonous
ma£erial seriously affects these parameters. In such areas the
C.Cr.D. and lysocline occur at shallouwer depﬁhs. For example
between 0°N and 10°N in the Somali Basin the C.Cr.D. is at 5100 n.,
whilst in the norihern Arabian Basin it is at 4800 m. and in the
Ganges Cone area of the Central Indian Basin it is at 4500 m., and
at 4800 m. between 0°5 and 10%s.

According to Kolla et al (1975c) excluding areas where
dilution by terrigenous material is occurring, the variations
with latituda of the C.Cr.D. and thea lysocline are similar in
the Indian Ocean to those observed in the Atlantic and Pacific
Oceans and are caused partly by variations in surface'productivity
and partly by factors such as deep water turbulence and degree of
undersaturdtion. Since these latter two parameters are markedly
affected by AABU it appsars that this body of water has far
reaching effects on the bottom and near-bottom enviroment over

and above its sediment—transport\and bottom erosional features.

\
\
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SECTTION 3

SAMPLE DISTRIBUTION AND MORPHOLOGY

(i) DISTRIBUTION

Whilst the distribution of ferromanganese nodules in ths
Pacific Ocean is relatively woll known, information on nodule cover-
age of the Indian Ocean has until recently been much less abundant,
due to the comparative paucity of research carried out in this ocean.

The first detailed sampling of ferromangnaess—oxides in the
Indian Ocean (Bezrukov, 1952, 1963) revealed extensive deposits of
nodules in many parts of the southern Indian Ocean. Later, more
detailed work in comparatively small areas revealed highly variable
degreas of nodule coverage often over quite small distances, in
regions such as the Carlsberg Ridge (Laughton, 1967) and off southern
Africa and Madagascar (Vincent, 1572). Much more knowledge of
nodule covarags was gained as a result of the International Indian
Ocsan Expedition and using data from this and earlier sources a map
of nodule coverage of the Indian Ocean has been drawn up (Udintsev
et al, 1975) and is shown on figurs 10. From this diagram it can
be seen that the most extensive areas of nodule coverage have been
found to be predominantly in the southern part of tha Indian Ocean

in areas of comparatively slow sedimentation. According to Bezrukov
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FIGURE 10 Distribution of ferromanganesa nodules in tha Indian
Ocean (from Udintsav et al, 1975).
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and Andrushchenko (1973) nodules are most abundant in areas of the
Indian Ocean floor with slou sedimentation rates and with dissacted
hilly relief where the height of the hills above the cepressions
reaches several tens or aven hundreds of metres. Bottom photo-
graphy has shown that nodulaes ara particularly abundant in the
Crozet Basin (Udinisev, 1975) and Central Indian Basin (Backer,
pers. comm.). In areas of rapid sedimentation such as the cont-
inental margins and flat abyssal accumulative plains nodules appear
to be rare or absent. Most of the samples examined in this study
came from regions which are known to have extensive nodule coverage
“but geveral samples ware obtained from the Mogambique Channel area
where, according to Vincent (1972), nodule coverage is at bast
patchy. In the whole of the Indian Ocean this is the-only area
of rapid sedimentation near ths continents from which nodules have
bean recovered. The presence of nodules in what would saem to be
a relatively unfavourable environment may be a result of localised
scouring of the sediments by bottom currents which, as already
discussed, are particularly strong in this area.

Encrustations have bean found in all areas of the Indian
Ocoan whero baro rock is exposoed on the soea-bed. Thio typo of
deposit is therefore particularly common along the mid—-ccean ridge
system and other areas of rugged topography suwept clear of sediment
such as isolated sea-mounte and aseismic ridges. The encrustations
examined in this study came from all three types of environment
but those from the mid-ocean ridge system formed the largest percentage
of the total, Whilst encrustations are the most common type of ferro-
manganese-oxide deposit on the mid-occean ridge there ares many
narrow valley areas with ponded sediments from which nodules have
been recovered (Glasby, 1970; this study).

Only in three cases were nodules and encrustations collected
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from the same station site., In one case the nogduls and encrusta—
tions came from separate coring and dredging operations respectively,
on the same largo sea—-mount. At station RC14/D4 on a Madagascar
Basin ssa-mount and at station ANTP1090 on the south-wast Indian
Ridge both nodule and sncrustation samples were collected in the
sams sampling operation. The veary rugged topography at both théso
.sites is likely to cause rapid changes in bottom environment svan
ovar the short distances traversed by the respectlve dredging opera-
tions. Glnacby (1970) commented on the difficulty in ncansoing

Lha influnnce of mlerotopography of tho bottom onuironmunt on tho
morphology of ferromanganese-oxides, because of the inherent
ﬁroblems o7 bottom sampling using dredging techniques. Housver,
Glasby (1970) was able to show that in a limited area on the

flanks of the Carlsberg Ridge, samples from near the Dass oflthe
ridge system consisted pradaminantly of nodules with vary feu
crusts, whilst those from the southern Massif area of the ridge
itself were mainly encrustations with limited numbers of nodules.
This conclusion fits the general obsarvaticns mads in this study
concerning the distribution of nodules and encrustations with respect
to ths nature of the bottom topography viz.; encrustations ara
coni¥ined mainly to elevated areas of rugged topography whilst
nodules occur mainly in the sediment~floored basins of more

gentle topogrephy. This conclusion leads to the suggsstion that

at stations RC14/D4 and ANTP109D the nodules were picksd up at
gresater degths during the dredging operations whilst ths
srncrustations were recoverad from more elevated, rugged arsas

later in the dradging'operations.
(ii) MORPHOLGGY

A totsl of 110 ferromanganase—-oxide samples Trom sites
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throughout the Indian Gcean were examined during the course of this
investigation. The sample sites are plotted in figure 11. Tha
samples came from a wide range of bottom environments and tand to
show a wide range of physical characteristics.

The most obvious morphological division of marine ferromanganese
oxides is into nodules on ths one hand and encrustations on ths
other. Whilst it can be argued that nodules are simply a special
type of encrustation, in which growth has occurred on all sicdes of
ths substrate rather than just one, the division bstween nodulas and
oncrustations is nn important ona on gnanntic grounds as will bn
discussed latear.

Many authors (Cronman & Tooms, 1959; Crerar & Barnes, 1974;
Calvert & Price, 1576) have suggestsd that variations in the bottom
_anvironment may cause variations in the chemical and mineralogical
composition of marine manganese nodules. Few authors howsaver, have
investigated the role of environmental factors in controlling tha
morphology of these deposits although such a study has been carrisd
out, with some success, in a Treshwater lake (Sozanski & Cronan,
1976). Goodell et al (1973), working on samples from the Southern
Pacific and Atlantic Cceans recognised four differant morphological
types of concrsticen on the basis of type of nucleii, thickness of
deposit and external shaps. They suggestad that morphaliogy was
dapendant on the nature and proximity of slament source and the
rate of accretion. Howesver as suggested by Cronan (1676), it cecms
likely that the shape and nature of the nucleus is also an important
factor in dstermining the shape of nodules particularly where the
overlying ferromanganese—oxide layers are thin.

Meylan (1974) developed a method of rapid field classificetion

of manganase nodules which defined samples in terms of size, shape

and surface texture. However this field description system is rather
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too basic for a study of this type and ignores such important
features as the nature of the nucleus and internzl grouwth
featurss. Compared ta the amount of work published on the
internal Features of nodulss, uafy 1ittle attenticn has besn
paid to axternal features, This is perhaps surprising since, if
as sugqested oy Goodell et al (1970), nodule morphology is partly
‘controlled by element source, it may in turn reflsct compositional
trends.

In describing the ferromangansse—oxide samplesvanalysed
in this study four major paramaters were recognised; size, shaps,

surface texturs and nature of core and internal structurs.
(a) Size

The nodules studied varied greatly in size, ranging from
fragments less thén 1 cm, 1in size to nodulss with a maximum
diametser of more than 2 5 cm, Most nodules however had an
average diameter of bstween 3 cm. and 6 cm. No overall .
size could be given to encrustations since these were obviously
broken of{ from deposits of larger size by the dredging opera-
tions. The thickness of the sncrusting ferromangansese-—oxides
howsver varied from coatings 1 mm. or less in thickness to
crusts more than 5 cm. in thicknsess (Plate 1 (a)). Heye (1975)

" made a study of fractures in nodules and reached the conclusion
that they wers an ageing feature and that nodules therefore
sventually completely brasak up due to the increasing development

of fractures within them, He argued that this process therefore
cet a limiting age and 8izse Tor nodules and explained the fact that
the largest nodulss in the Pacific Ocean came from continental
margin arsas not pslagic arczs since growth rater ars aster in

the former than in the latter (Ku and Glasby, 1972). This also
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agress with the observations made in this study, the large:c

Pl
i

-t

nodulss being recovered from the continental margin areas o
South Africa and Madagascar.

It was noticeables that, whilst nodules varied greatly in
siza over the Indian Ocean as a whole, no large size variations
were obser&ed in nodules from a single dredge haul or even bstween
.samples from closely spacad sampling stations. In contrast to the
findings of Cronan and Tooms (1967) no distinct population subsets
of nodules wers identified at any Indian Ocean sampling site on
the basis of size. It was intsresting to note that the Cu-Ni-rich
nodules from the Central Indian Basin were of very similar
diameter (2 - 4 cm..) to those in the Pacific ore-grade belt

(Friedrich st al, 1974).

(b) Shazpe

The shape of the samples investigated was evsn more variable
than thseir size. Unfortunatsly, in quite a few cases the samples
had broken up during recovery and siéce not all the fragments were
presant the Driginal shape could not be recognised. Many nodules
wars fairly nearly spherical in shape (e.g. plates 4, 5 and 17),
howsver some nodules wers slightly or noticeably flattened (see
plates 6, 7 and 9). In general, a slightly flattened shaps was

particularly characteristic of nodules Trom the Central Indian

and Wharton Basins,., Somenodules showsd slight surface irregularitiaes

(plates 7 and 9). Thace are probably caused by & small saecondary

nucleus of

growth bscoming attached to the mainm nodule during its
growth, Irregularities in noduls shape can also bs caused, when
the encrusting layers are thin, simply by irregularities in the

shape of the nucleus or substrate. Howesvar as the ccncretionary

laysrs become thicksr any irregqularities tend to becoms smoothed

m

l
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out. This phomomesnon is well ssen in sample ABZ84C (plate 16).
Jther types of irregular nodule are formed by the adhering
together during growth of several nucleii producing z polynodule,
often with a wide variety of different nucleii and therefora shape
(see plats 10). This type of irreqular nodule was found in
various areas of the Indian Ocean but was particularly common
in the Madegascar Basin. A possible rsason for this is that the
high bottom current yglocities in thie basin cause small accrsting
nodules to roll together and coalssce. Highly irrogular noduleses
have been reported from othear areas with high bottom curront
activity (Goodell et al, 1970; Glasby, 1972). However, Payre
and Connelly (1972) and Kennett and Watkins (1975), studying large
areas of extensive nodule deposits underlying the highly active
Antarctic Circumpolar Current found that spherical nodules were
more prominent than irrsqular nodules in most aress. High botton
current velocity may therefore not be the major factor influencing
the formation of irregular nodules and some other factor such as
the availability of large numbers of small nucleii may be of
prime importance.

At one station off the west coast of Madagascar semples of
highly unusual shape were recovered (see plate 11) together with
a smell fairly regulerly-shaped nodule., These samples were
encrustations around a thin cylindrical core which was brouwn in
colour and very hard and rich in iron. It is postulated that
these samples are encrustations around iron nails which have become
completely oxidised and, in some casss, paftly diseolved away.
Thoy were recovered from an area much used by.shipping for at least
the last two hundred years. If they are this o0ld, a growth rato
of at least 3 pm, per 100 years would have been nacessary for

them to have grown to their pressnt size. Whilst this rats is
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at least two orders of magnitude higher than most estimatng of
deep~sea nodule accretion rates (Ku and Broeckor, 19. Tooms
et al, 1919; Bhat et al, 1973; Heye, 1975), shallou vatoer
continental margin-tyne nodules are thought to acerein at ratas
as high as ssveral millimetres per 100 years (Mero, 19°5; Taooms
et al, 1939; Ku and Glasgy, 1972). Furthermors, ranid arowth of
fnrromanganeéa oxides may occur around iron-rich objects due to
the ability of iron to initiate and catalyse the oxidation and
preéipitation of mangancse oxides (Burns and Crouwn, 1972). Proaf
of this was found by Goldberg and Arrhenius (1958) who recovercd
casings from naval shells from the Pacific Ocean which were alroady
thickly coated with ferromanganese oxides.

The shepe of ferromanganese crusts tends to be contro....
by the surface shape of the substrate, where the crust is thin.
Plate 14 shows a sample consisting of a thin encrustation arcund
a highly altered montmorillonite—~ and phillipnsite-rich substrate,
which illustrates this point. However, in almost all samplins
examined whore the oncrustation was thick, tho surface shapoe
tended to be much smoother (for example sece plates 1 (a) and
12 (a)).

No major variations in sample shape werec observnd at many
stations at which abundant material was recovered. Houwover,
some stations sited in areas of very rugged bottom tonography
produced material of very varied type, shape and thicknass,
For example plates 7 and 8 show the two markedly different samplecs
recovered at station ANTP 109D on the flanks of tho south-west
Indian Ridge. Plates 1, 2 and 3 also show material collecirnd
within the same dredge haul, in this casc on the {lanks of the
Carlsberg Ridge. Plates 1 and 2 show crusts of markedly dirl Nt

thickness. The sample in plate 2 consists of a thin crust on
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an angular fragment of relatively fre<h basalt whilst that in

cr

plata 1 is a 5 to 6 cm. thick crust with no~substrate attacnad.
Thus within the same small areas it appears that some substrates
have besn exposed to Tavourable conditions fer ferromanganesa—
oxide deposition for much longer pariods than otherc. This is
probably a rosult of submarine erosional procesuos which in this
type of rugged volcanic snvironment will continually produce nsw
rragments of basalt about which accretion can teke place. The
three fragments shown in plate 3 show granular accreting surfacos
over the whole of their outside area. Their extremely angular
shape points to the conclusion that they are Tragments of a
pre-existing nodule or encrustation which after breaking up

have begun to accrete as separate nodules. Howsver, close
inspection of their internal structure showed them to be almost

featureless and gave no clear svidence to back up this

hypotihesis.

(c) Shaps and Texture of surfacs

The sur-face texturass of the nodules and encrustations
examined varied from smooth and polished to coarsely granular.
Raab (1972) and Calvert {pors. comm.) have notad that in
Pacific Ocean nodules a granular surface texture tends to develop
on that part of the noduls which is in contact with the sediment,
whilst ths upper parts of nodules, which are in direct contact
with sea-yater, tend to havs smooth surfaces. This has led
Calvert to believe that a granular surface texture on ferro~-
manganese nodulss suggests their growth by slement precipitation
from interstitial pore waters at, or very near, the sediment-water
interface. A smooth surface texture on the othsr hand indicates

accretion by direct precipitation from sea-water. In this
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invegtigation several encrustations were exemined which had a

granular surface texture (for example, see plates 1 (b), 2 and

12 (b)), yet thess depcsiis must, by their very nature, hava

accrated by direct precipitation from sea—watsr. Ths nature of

tha surface texture of samples doass not theraefore apoear to be

a raliable guide to the way in which these deposits accreted, at

least in the case of Indizan Ocean samples. This may be the case

because, whatever tha original nature q? the surface texture

of & sample, it may be alteraed by subsequent changes in tha bottom

environment. This is illustrated by some nodules from the Mogambicue

Channel (sea plate 5). Thrse samples havae generally smooth to

polishod surfaces but have granular surfaces whorever depressions

occur in the outer surfaca (sen centre of right-hand nodule in

plate 5). It is postulated that tho whole surface of the nodules

was originally granular but that strong bottom currents psrhaps

operating when conditions were otherwise unfavourable Tor nodule

growth, have subsequently physically corroded the nodules. This

process may be effacted by the abrasive action of the suspended

sediment load in the bottom current. It is interesting to nots

that many samples from areas of strong bottom current activity

at present, such as the Mogambique Channel and Madagascar Basin,

tend to have smooth Surfacesl(see plates 5, 8 and 10). By contrast,

samples from areas where bottom currents are not strong, such as

the Central Indian Basin, have very qranular surfaces (see plate 6).
Heys (1975), in a detailed study of Pacific Ocean nodule

structures and growth rates, reached ths conclusion that rough,

"gritty" or “knobbly" outer surfaces on noéules simply indicated

accration under favourable circumstances whilst smooth surfaces

(bu®t ones with no gloss or polish) were formed as a result of growth

under untavourable circumstances. He studied only one nodule from
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the Indian Ocean. This had a smooth, shiny surface and age dating
of ;he nodule indicated that no growth had occurred for at leact
the last 3 x 10° vears. Heye suggests that the shiny surface

is therefore due to mechanical or chemical erosion.

Heye and Marchig (1977) reach the conclusion that the
granular knobbly layers wi.thin nodulesz are fast-accreted layers,
and they also found that these laysrs were enriched in {ln, Ni and
Cu. More massive internal layers, those which produce a smooth
surface texture, tend to be depleted in these metals and arn
thought to have accreted more slowly. If these theoriecg are
correct then the Cu-Ni-rich pelagic nodules in the Pacific
and Indian Oceans are likely to have grown relatively quickly
unless growth has consisted of short bursts of rapid growth
interspersed with long periods with no growth. However, several
workers (Ku and Broecker, 1969; Tooms et al, 19G9; Bhat ot al, 1077)
have shown that pelagic nodules in general appcar to grow very
slowly and Heye himself alludes to this thoory in an earlier study,
(Heye, 1975). The surface texture of nodules znd encrustations
and its implications as to rates and modes of growth must
therefore be regarded as another unsolved problem of these marine
deposits.

The surface shape of the ferromanganese oxide decposits
varied from regular to highly botryeidal and cavernous, As with
the surface texture, surface shape tended to bo fairly similar in
samples from the same locality, but showed rather more variation
over small distances than did surface texture. In general
encrustations, especially uwhere tHick, tended to have 2 more
regular surface than nodules. Some nodules (sece plete 5) had o
very rcqular surface, however more commonly they showed some

departure from regularity such as tho presence of knobbly lumps
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(plastes 6 and 7) which if large gave the whols nodule ean irregular
shapse. Some. nodules, especlally from the Central Incian Basin,
had a very cavernsus surface (ses plafes ¢ and G). This surface

ture of some sncrustaiions (see pla

]
-t

structurs was also 2

(]

Howsvser, in contrast to nodulcs, only rarsly did thick encrusiations
have an irregular surface such as that sean in sample SH1317D
(plata 13).

No definitse, marked ragional trends were observad in thae
surfape shaps or texturs of the samples analysed in this study,
but many areas were so sparsely sampled that inter-rogional com~—
parisons were not foasible. Despite this, some goneral tronds
were observed in thes more well-sampled areas. Nodules from the
south-west part of the Indian Ocean i.a. from the Crozet,
Madagagcar and [logambiqua Basin arsas had gonerally smoother
surfaces, ware less friable and were brownsr in colour than nodules
from the central and eastern arcac of tho ocoan. Nodules From
thesse regions tcnded to be blacker in colour, to be rathar friabla
and to have granular cavernous surfaces whilst being genearally”
reqular in shape. Interastingly, tha Cu-Ni-rvich nedules from
the Csntrdl Indian Bazin (see Section 5) were very similar in
colour, size and surface %texture to the depoczits of similar
chemical ccmpositicn in the north-sasct Pacific Ocean although
some nodules from the latter region appoear to be generally more
discoidal in shape, Raab (1972). However sampling in the
Cantral Indian Basin has been comparatively sparse and mors

detailed sampling and study may sncw even greater physical

similaritieg between these chemically similar nodula daposits.

(d) Interral Features

The internal structure of marine ferromangansse-—oxide

wy

wl
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deposits is complex and has received much more study than the
external features, mostly using microscopc techninues (Arrheni
19333 Mero, 19455 Sorem, 1947; Cronan ana Taooms, 1008; Kk
and Skornyakova, 1959; Glasby, 1970 3Bozrukov and Andrushchenko,
1973, Shterenhberg et al, 1975). The detailed study of Pacific
Ocean nodules by Andrushchenko and Skernyaskova (190.9) revealnd

at least five major different types of structure in the TITOmangancsc
oxide phase, whilst Bezrukov and Andrushchenko (1973) in a dotailed
study of Indian Ocean nodules recognisecd seven structural typoo,
which were similar to those obscerved by Andrushechenko ancd
Skornyakova (1959) in the Pacific. The five main structures

recognised by both groups of workers wers:—

1. Concentrically bandsd collomorphic structures
2. Collomorphic globular structures

3. Parallel laminar and shelly laminar structures
4, Dendritic structures

5. Cataclastic structures

Most earlier workers had described features similar to come
or all of the features listed above. Andrushchenko antd Skornyakova
(19€9) and Bezrukov and Andrushchenko {4973) found that structures
of type 1 and 2 were the most common features in Pacific and Indinon
Ocean nodules. No microscopic investigations were carried out on
the samples investigated in this study and detailed internal
structures were therefore not examined. However, major structura
features could be recognised with the naked eye and it appearcd
that in the samples examined structures of.type 1 and type ?
were again the most common feature.

Congentric banding was clearly developed in many samplec

(for example see plate 13) however this type of structure was
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not always visible throughout the whole thickness of the oxice
layer. The not infreauent observation of a particular ferrcmanganesc—
oxide~rich layer at the same horizon throughcut the whole of thea
nodule indicates that deposition has often occurred egually on
all sidas of the zampls and this arguass strongly for the idea
that>at least soma nodules do roll zround somewhat on tha oOcezn
fioor during growth, although the mechanisms causing this movement
are unknown at present.

[Most nodules zhowed a core of some typa. In a few cases
this was of biological origin such as shark's tasth but nodules
from all areas of the ocean mors commonly displayad a cors of

volcanic origin. Many of the encrustations examined had no

substrate attachsd and it was therefore not possible to say

(=]

with certainty what this might have been. However, in view of

the type of envircnment from which most crusts wore recoversd the
most likely substrate is volcaniec rock of some sort, usually
dasalt. Coatings and thin slab-shaped crusts howsver wera more
comﬁonly found with other than basaltic substrates. Some coatings
on coral and limestonz slabs were recoverad and thin slab-shaped
concretions around compacted sediment and phosphatic deposits
were also observsd, albeit rarsly. In most cases where the
substrata was recovered with the encrustation 1t appeared
relatively frash and there was usually a cleerly merked boundary,
between the encrusted material and tha overlying oxide layers.

In some nodules also the core material was fresh and unaltared
but in most nodules where the oxide layer had attained an
appreciable thickness, alteration of the core had occurred. This
process of alteration of volcanic nucleil appearz ta continue
until the core is completely altered and often begins to be

replaced to a greater or lesser extent by Terromznganese—axide
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material. Plates 14 to 17 show samples with cores displayinn
erogressive increasc in alteration and replacement. DPlate 14

shows an encrustation which still has a clearly recognisable

o

core of silicate material, whilat plate 15 shows small aodiries

in which the cores are beginning to show signs of ronlacoment

-

by oxide material. The nodule in plate 10 has a core showing

4.

extensive replacement by ferromanganesc oxide material whilst
in sample RC14/D4 (plate 17) the core is no longer visible,

having been completely replaced by dendritic ferromanganese

oxides. This sample is interesting in that its internal structurs

[5]

| s

s entirely of this rather uncommon dendritic tyne and thsre is
no indication of how large the original core was. Cronan (1977,
guoting Sorem) suggests that dendritic formations are indicative
o7 post-depositional migration and recrystallisation of mangancse
oxides within the deposit whilst Glashy (1970) suggests that
banded structures are also an ageing feature, forming froa
recrystallisation of originally more globular structures. IT

P
this is so, the question remains as to whether dendritic growth
structures are ageing products which occur after zn earlier process

of concentric layer formation or as an alternative to it, in

w

response to rather different physico-chemical condition
Cracks werc a common feature in many nodules examined.
However, many of these may simply be contraction cracks dum to
the sample losing much of its interstitial adsorbed water during
storage. The cracks were of two types, radial and concentric.
Radial cracks were more common but some concentric breakage
also occurred, 1n some cases causing shells of ferromangancse
oxide material to be shed from the outer surface of the nodule
(see plate 5). The preponderance of radial cracks over concontric

ones was noted in Pacific Ocean nodules by Raab (1972) who
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interpreted the former as shrinkage cracks duc to zgeing. A wuch

3

more detailed study of fractures in nodules uwas rried out by

Heye (1975), who produced mathematical models for the devnlopmoﬁt
of both types of crack. Heye argues that cracks within nndules

are self-propagating features and eventually =-essult in the complote
break-up of nodules on the sea bed. The intensity of craclks within
a nodule can therefore be used as a rough guide to its comgsatative
age. As suggested by Sorem (1973) much information can probahly

be gained from nodule internal structure concerning many

aspects of their paleeo-enviroment but such a gozl can only be

achieved when much more attention and research has been focussed

on this subject.
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SECTION 4

MINERALOGY

(i) INTRODUCTION

Since the pioneering investigations of Buser and Grutter (1956),
the mineralogy of marine ferromanganese-oxide deposits has been a
source of continued controversy. Much of this stems from the fact that
the positive identification of the phases present in these deposite
is extremely difficult because of their very small particle size and
poor degree of crystallinity.

Three distinct manpanese phases were originally found in
manganese nodules by Buser and Grutter (Buser & Grutter, 1956;
Grutter & Buser, 1957; Buser, 1959). They termed these phasee

"10R manganite"; "7R manganite" and " §-Mn0," after the synthetic

2
phases whose d-epacings were most clogsgly matched by the phasss in
nodules. Later workere investigating the minsralogy of these deposits
identified the phases they observed by comparing their X-Ray pouwder
photographs with those of naturally occurring manganese minsrals.
Thus Straczek et al (1960), Hewitt et 21 (1963), Manheim (1965), and
Grill et al (1968) identified the minerals present as todorokite

(Yoehimura, 1934) and birneseite (Jones & Milne, 1956).
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This terminology was adaoptsd by many subssguent workers.
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1571) who comparad the mangansse phases in nodulas with various
hetic phases which thsy had preparsc and snalysesd., Thus theay

termec the mangeanese phase givino lines close to thoss ©
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anc the manganess phase which pgave lines close to those of 8 -In02
they termed manganese (ITI) manganate (IV). This terminology ic
rather complex and has not founc general acceptance in the
subsequent literature.

Arrhenius (1923) and Surns and Fuerstznau (1937) have

pointed out that the terms "108 menganite" ancd "7% manganite" are

ct

(=1

not ideel since they may lead to confusion with the mineral
manganite (¥ =Mn0OOH),which has not yet besn reported zsoccurino
in manganese nodules and which is structurally different to

78 manganite and 10R manganits. Since Frondel (1953) and
Straczek et a2l (1920) have shown that the mineral todorokite is
cuite a widely occuring terrestrizl manganese mineral,and since
their published X-Ray data for this mineral closely resembles
that obtained from many ferromanganese nodules,the term
todorokite has been accepted by many authors (Grill et a21,1958;
Cronan and Tooms,19593 Price and Calvert,1970; Burns et al,197¢4;
fleylan,1975) to refer to that phase in ferromanganese oxides
which gives strong reflections at 9-5SR - 9°88 and 4°78 - 4-98,
However, Giovanoli et al (1971),suagested from electron
diffraction measurements on synthetic phases,that todorokite is
actuzlly 2 mixture of a mineral which they termed "primary
buserite",partly dehydrated to birnessite and partly reduced to

manganite (% -MnOOH). They suggest that thef-MnOOH crystals are

so smzll as ta be undetectable by X-Ray diffraction analysis.

fi furiher terminology was sst us by Giovanoli ot al (1770 e,b,
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Buserite was accepted zc a new minsral in 1970 by the I.M.A.
Commission on New Minerals. Since mzny analvees of todorokite

have been presentesd in the literature which show no sions of even

o

the strongest lines of birnessite and mancanite,several workers
believe that much stronpcer evidence is reouired be
is discredited as a2 mineral (Maroslis and Burne,1973). No
evidence tao support the theory of Giovanoli et al was found in
this study and thus in view of its preferesnce in the literaturs,
the term todorokite is used throughout this thesis to refer to
that mineral phase which has strong pesks at 2°'58% - 9733 and

4478 - 498,

The other manoanese phases originally identified in nodules
by Buser and Grutter (1955) were "78 manganite" and " §-MnO,".
These phases have also been the subject of much confusion.. It is
now widely accepted however,that the "78 manganite" of some
authors (Buser and Grutter,1936; Glasby 1970,1972; Price and
Calvert,1970) is identical with the "birnessite" of others (Cronan
and Tooms,1559; Manheim,1965; McKenzie,1971; Moore and Vogt,1978).
Again,in view of the structural differences between this phase
and the mineral manganite the name birnessite is preferred for
that phase in ferromanganese oxides which gives peaks at 7-08 -

7*28 and 3°58 to 3.68.

The original birnessite investigated by Jones and Milne {1956),

apart from having intense lines at 7 & and 3.68 also showed two
weaker lines at 2°44R and 1*41R. Thus,comparing their diffraction
data with that of "§-Mn0O2" (McMurdie and Golovato,1948) and
"manganous-manganite"” (Cole et al,1947) Jones and Milne reached
the conclusion that birnessite was simply a naturally occuring
§-Mn0y with an O:Mn ratio of 1°90:1. Buser et al (1954)

suggested that the §-Mn0,'s reported in the literature as giving
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only two lines (at 2,44R and 1.42R) were simply more oxidised forme

of the four-line form (i.e. "birneesite" of Jones and Milne(1956),
"manganous-manganite" of Cole et al (1947)). Feitknecht and Marti

(1945) gave a formula for manganous-manganitee as approximately

4Mno,, . Nn(UH)z. 2H,0 and interpreted them ae double-laysr compounds
coneisting of eheete of formula Nn(UH)z. 2H20 interepereed with layers

of dmnoz , approximately 78 apart giving baeal reflectione at about 7.0R
(001) and 3.58 (002). The moet oxidieed forme of manganous-manganits wers
coneidered to be dieordered from thie idealieed sandwich etructure, as

more and more Mn2' lattice sites becoms filled by Mn-' or Mn’' ione. The
progreesive replacement destroys tha.nn(UH)2 shests, the basal reflectione
become very weak or disappsar and only two broad lines at about 2.4R and
1.42R are obtained. Bueer et al (1954) thersfore suggested retaining the
terms 8-Nn02 and manganoue-manganite and ueing them to deecribe manganese
oxidee with O:Mn ratioe graater an leee than 1.90 reepectively. However
Glemssr st al (1961) eynthasised manganese oxidees with D:Mn ratioe up to 1.99
which gave X-Ray patterns showing the basal reflsctions at about 7.28 and
3.68, Thie led Bricker (1965) to suggeet that particls size rather than
degres of oxidation influencea the X=Ray powder pattern of theee manganesse
oxides, the basal reflections being abeent in very emall cryetallitas. More
recent work suggests that this may not be the caes, at lsast for marine
manganese oxidee. Brown (1971) and Burns et al (1974) took samplae which
showed only two diffuee lines at 2.48 and 1,428 and immerseed them in eesa-
water at high pressure and room temperature. Partial re-cryetallisation

wae found to have takenplace and the samplee showed additional peaks at 9.6R
and 4,88, but no signe of reflectione at 7.28 and 3.68., Samples already showing
raflactione at 7.2R and 3.6R showsd no changee when subjected to eimilar
preesure and temperature conditione. However Brooke (1968) carrying out

ageing etudise by heating samplss found that with increasing temparature

some nodulde show a complete transition from a 10R form to a 78 form
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to S-Nnoz wvhilst other eamples showed no change. Similar findinge
were also observed by Cronan (1967).

Clearly then,the interelationshipe bstwesn the synthstic and
naturally occurring minerale "birnessite", "S-Mnoz" and manganoue~—
manganite are still imperfectly underetood and are made all the more
complicated by their inhersntly non-stoichiometric nature (Giovanoli
st al, 1973).

In this study many samplee wers analysed which showed only broad
peake at 2,44R and 1.42R and it ie thus proposed to ues the term 8-Mn0,,
to deecribe thie phass. In only comparatively few samplee wsrs pwaks &b —~
7.28 and 3.68 obeerved which were definitely aeeigneble to & manganeee
phass. However where thie phase occure it is regarded ae being a
distinctly different phase to S-Nnoz, and thersfore, taking into account
the work of previous authors, termed birnessite. Thus the three manganeee
phases rscognieed in the samplee analysed, and their characterietic

diffraction linee, are given in Table 1,

d(R) I PHASE
9.6 - 9,8 vs
4.6 - 4.8 Todorokite
2,46
2,39
7.0 - 7.2 . VB
3.5 - 3.6 8
2.46 m Birnessite
2.33 m
1,42 W
2.“0 - 2.44 Vcbromc a-mnoz
1.40 - 1.44 V.bromo
TABLE 1 Diffraction patterne of the manganese phasse recognised in

—_— Indian Ocean ferromanganese-~oxides.



IRON PHASES

Less work has been dons on thz iron phas=z in marine Terro-
mznaanese oxidss than on the manganese phases,mainly bsczuse the
iron apgears to bes cresent predominantly &s Ji=-R=zv amorphous
meterial even when the iron content of the sample is zelatively
high. However, a knowledoes of the physiczl state of the oxides

=

and oxyhydroxides in ferromanganese oxide deposits is important

if the geochemistry of these deposite is to be fully understood,

Indeed many authors believe that the iron phases play a vitel role

b=

in the nucleation and suthigenesis of marine ferromasnganese oxides
(Burns and Brown,1872; Burns and Burns,1877).

Some workers sugoest thst a significant amount of iron is
present randomly distributed in the hydroxyl sheets of the
manganese phases in ferromanganese oxide deposits (Goldberg and
frrhenius,1953; Goldberg,1955) or as unidentified mixed-layer
iron-manganese oxide (Glasby,1972). However,it is generally
accepted that the iron which is present as 2 discrete phase in
marine ferromanganese oxides,is present exclusively‘as ferric
oxyhydroxides of general formula FeOOH (Burns and Burns,1577).

The most commonly reporied of these minerals in marine ferro-
manganese oxides, is goethite ®&-Fe0OH) (Arrhenius,1953; Aumento
et al,1968; Bonatti.and Joensuu 19663 Glasby,1972; Bezrukov and
Andrushchenko 1973). Lepidocrocite,maghemite,hematite and
akaganeite have also been reported in the literature as occuring
in marine ferromanganess oxides,but these all appear to be of very
minor importance.

Much of the ferric oxyhydroxide material however is present
as an X-Ray amorphous species of small particle size,variocusly
called "Amorphous Fe(OH)s" , "iron ITloxide hydrate gel",

"colloidal ferric species" and"hydrated ferric oxide polymer"
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(Burns & Burns, 1977). Mossbauer spectroscopy of marine farro-
manganese~oxides from various localities has shown that the mean
particle diameter of the iron phases is extremely small, generally
less than 200 - 300f (Herzenberg & Riley, 1969; Johnson & Glasby,
1969; Carpenter & Waksham, 1973). This is too small by at least
one order of magnitude to be amenable to X-Ray diffraction
studies.

Thus thers are thres possible sites for ths iron in marines
ferromanganese—oxides which is not present as adsorbed ions:-

1. UWithin the lattices of the manganese phases,

substituting for Mn ions.

2. As sn unidentified random mixed-layer iron-mangansse

oxide.

3« As a discrete iron phasa:

(a) of eufficiently large particle size and sufficiently
well-ordered structure as to be identifiable by X-Ray
diffraction tschniquss.

(b) of extremely small particle size and/or disordered
structure and thus essentially amorphous.

Of these, only those phases of type 3(a) are likely to be
amenable to standard X-Ray diffraction study. Of the various iron
minerals listed in the literature as being found in marine ferro-
manganese-oxide deposits, only goethits was identified in the
samples analysed in this investigation. In samples where no
gosthite peaks were observed, the iron phasss were rsgardsd as

essentially amorphous.

(11) MINERALOGY OF THE FERROMANGANESE PHASES OF INDIAN OCEAN SAMPLES

Rlmost all the 116 samples analyssd chemically during this

study were also subjscted to mineralogical investigations by X=Ray
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diffraction techniquea using a Phillips diffractomster. Details of

these techniques are given in Appendix 2,

(a) Mineralogy of the Manganese phases

Table 2 gives the totsl number of aamplss in which each of ths
three rscognised manganese phasss was identified. In some of the
aamples asnalyasd, linas wsra observed at 2,48 and 1.4 togethsr with
veak linea at 9.8% and 4.8R which at first aight ware indicativs of
the presencs of todorokits in small amounta. Howevar, after careful
comparigson of these lines with the patterns obtained from todorokite-
rich samples and a pure terrestrisl sample of todorokite from Fiji,
it was decided that thaae powder patterns could only bs accountsd
for by assuming the presancse of 8-Nn02 in addition to todorokits.
Tha 8-Nn02 waa inferred to be prasent becauas the broad peaka at
ebout 2.4R and 1.48 ware mors intensa than could have been producsd
by tha amounts of todorokite praaant.

Amongat thosa samplaa in which todorokits waa particularly
abundant, 15 samplea also showsd a broad wsak band at about 7.2R.
In an attsmpt to eatabliah whsther this was due to poorly
crystallins birnessite or not, ons of these aamplss wae hsated to
varioua tamparatures and re-sxamined aftsr each haating. Ths raaults
of this sxparimant are given in Table 3.

Aa can ba saan from Tsbla 3, as tha tampsratura was raiamed
the haight of the 7R pask incrsassed, whilat that of the 10R psak
decrsased and collapasd. Above 120°C the 7R pask alao collapaad.
This behaviour ia in agresement with that observsd for birnassits
by Jonea and Milne (1956) and with that obasrvsd for Pacific Ocean
eamples containing both todorokits and birneaaite (Cronan, 1967).

No noticeabla changea wera obaarved when aamplss containing 8-Nn02

only vasrse heatad through the aams temperature ranga,
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Frequency of occurence of manganese minerals
in Indian Ocean ferromanganese oxides.

Manganese phase(s)

Number of samples

Total for each phase

sample 91GBX

Todorokite 20 Totzl number of
samples containing
Todorokite 13 todorokite = 45
Birnessite
Total number containing
Birnessite 3 birnessite = 16
S-Mnﬂz 27 Total number
containing
Todorokite 12 §-Mn0, = 39
§-Mno 2
2
Amorphous 20
TABLE 3 Rssults of heating experiments conducted on

Temperature (°C)

Height of 9.6R Peak
(in scale divisions)

Height of 7.2R Peak
(in scale divisions)

20

60

90

120

170

26

14

8br.

8v.br.

8v.br.

13br.

16

18

Sv.br.




The powder patterns of typical well-crystalline samples analysad
are given in Table 4 together with the powder patterns of todorokits,
birnessite and S—MnDZ.

(b) Mineralogy of the Iron phases

As already discussed, goethite was the only iron mineral
identified in the samplss analysed, and in all it was identified
in 20 samples. The diffraction patterns of two such samples are
given in Table S, together with the diffraction data for goethite
taken from ths literature. Only in a very feu samplss did the
goethite appear wsll-crystalline. In sampls AB365F, the goethite
was particularly well-crystalline and 8 bsaka wers identifiable.
This sample contained 40% Fe, howevsr the degrse of crystallinity
of the gosthite appeared to be a more important factor than the
amounts which may have been present, thus sample DODO110PG which
contained only 12% Fe showed 6 clearly idsntifiable peaks.

In most of the other samplss in which gosfhits was recognised,
only a broad peak at 4,188 was clearly visible although sometimes
small psake at 2,69R and 2,458 were observed.

Many samples, sven though thay contained up to 20% iron,
did not exhibit any lines attributable to a discrste iron phase
and the iron phase in thess samplss was thegefcre regarded as

amorphous.
(iii) OTHER MINERALS

Ferromanganese nodulss oftsn contain minerals,other‘than the
authigenic iron and manganese phases,of both detrital and authigenic
origins. Thoae which have been identified include pyroxenes, amphiboles,
feldspars, rutile, sphsns, anatase, barits, apatite, (X-quartz, various clay

minerals, carbonatss and zeolites such as



82(a)

TABLE 4 Powder patterns of selected ferromanganese oxide
—_— samples. (Columns 1 ~ 5)

1. 2. 3. 4.
AB375 (b) ANTP117D SH13170 95GBX
d(R) 1 d(R) I d(R) I d(R) I
9,67 100 965 100
7.25 100 7.25 30br.
4.80 55 4,87 60
3.65 70 3.67 20
3.22 10br.
2.45 15br. 2.46 55br. | 2.43  100hr. 2.45 34br,
2.36 15
2.33 35br. 2.32 15br.
2,22 15br, 2.33 15
2.05 15br. | - 2.07 10
1.98 10
1,42 15br. 1.42 40v.br ! 1.42 6Qv.br| 1.42 30br.

(Continued overleaf.....)



TABLE 4 Powder patterns of todorokite, birnesgite
and S-Mnﬂz. (Columns 6 - 8)

82(b)

5. €. 7. 8.
23GBD (=) Todorokite Birnessite $-Mno
d(R) I d(R) I d(R) I d(R) I
9.60 100 9.68 100
7.15 2br.| 7.21 100
4,80 90 4.80 80
4,45 Sbr.
3.61 100
3.22 15 |
2.45 90br. 2.46 20 2.46 100 2,43 100br.
2,39 30 2.39 40
2.34 15 (2.33 100)
2.22 20
2.15 Sbr.
(2.04 80)
1.98 20
1.92 5
(1.802 10)
1.75 10
(1.723 80)
1.54 5
(1.45 20)
1,42 40v.br.] 1.42 30 1.42 60 1.41 60v.br. |.




82(c)

TABLE 5§ Powder patterns of selected ferromanganese
——— oxide samples containing goethite.

1. 2. 3.
AB369F DOD0110PG Goethite
d(R) I d(k) I d(R) I
4,96 20 4,98 10
4,18 100 4.18 100 4.18 100

3.38 10
2,70 80 2,66 20 2.69 30
2.58 8
2.52 4
2.51 50 2,47 _ 60 2.49 16
2.44 90 2.44 70 2.452 25
2,25 45 2.17 30 2,192 20
1.72 30 1.71 40 1.721 20




phillipsite and clinoptilolite. Whilst most of these are of detrital
origin, minerals such as apatits, calcite and the zeolites ars
regarded as authigenic phases.

Duartz was almost ubiquitous im ths samples analysed, the
only samples not showing the major X—guartz peak at 3.34R being a
few thin encrustations. Rex and Goldberg (1958) regard a significant
amount of quartz in marine sediments to be detrital in origin.
Another important source, especially for samples underlain by
siliceous sediments might be regarded as biogenic opal. However
Calvert (1974) has shown that biogenic opal tends to re-crystallise
to cristobalite rather than to quartz, and thersfore, the quartz in
ferromanganese—-oxides is likely to be predominantly detrital in
origin.

The cores of several samples were analysed and found to
contain abundant plagioclsse feldspar of oligoclase to andesine
composition. This indicated that the core material was of volcanic
origin. In nodules and crusts which had accretsed round compacted
sediment the commonest minerals identified were montmorillonite
(34 samples) and phillipsite (24 samples). Many samples also showed
a very broad weak band between about 3R and 4R, this is a characteristic
band produced by palagonitic glassss and provides further indication
of the volcanic origin of most of the material.

The clay minerals, especially montmorillonite were often
identified in fha_ferromanganese—rich part of nodule samples.

This is probably due to their adhering to the nodule surface and

being incorﬁorated in the nodule as it continues to grow, or

being remnants of & replscement process. In addition to montmorillonits,
illite wss identified in 10 samples, and kaolinite in 3 samples,

Calcite wes identified in 8 samples, all of which were



thin deposits Bn limestone or corzl from depths of less than
2500 metres. One sample from a sea-mount in the Somali Basin

(5H1318D) was found to contain carbonate-fluorapatite.
(iv) DISCUSSION

The regional distribution of the phases todorokite,
birnessite, 8-Mn02 and goethite in the Indian Ocean ie shown in
figures 12 to 16. As can. be seen from figure 12, todorokite occurs
in samples from ell the basina from which material was obtained and
also in samples from the continental margin off southern Africa.
The typical areas in which aamples containing this mineral are
found are therefore generally similar to those observed in the
Pacific and Atlantic Oceans (Cronan, 1969, 1975). Howsver, in
general, todorokite appears to be more widespread in Indian Ocean
ferromanganese-oxides than has previously been reported (Cronan
19673 Glasby, 1970; Bezrukov & Andrushchenko, 1973) although the
conclusions of Cronan (1567) and Glasby (1970) would have besn
influsenced by the limited nature of the sample population used.
Bezrukov and Andrushchenko (1972) reported that todorokite was
subordinate in Indian Ocean ferromanganese nodules to psilomelane
and a poorly-crystalline form of manganese dioxide which they
termad.varnadita. Howsver, deteiled ecrutiny of their data revesle
that whatthey regard as psilomelane in nodules, ia a mineral

phase which displays a powdsr patterm much closser to §-Mn0, than

2
to psilomelane. The principal differences between the findings of
Bezrukov anﬁ Andruahchenko (op. cit.) and other worksrs may
therefore be due to misinterpretation and confusion of terminology
rather than to actual differences in the phaees found.

Todorokite has a lowser O:Mn ratio than either birneasite or

S-Nnﬂz and might therefore be expscted to form preferentially in
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FIGURE_ 12 Distribution of todorokite in Indian Ocean ferrcmanganese—oxide samples.
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less well-oxygenated environments. According to Baas Becking st

al (1960) sediments in continental margin areas have generally
lower Eh values than those from the open ocean. This would explain
the occurrence of todorokite in continental margin samples off
southern Africa. Cronan and Tooms (1969) and Price and Calvert
(1970) also reported todorokite as occurring in continental margin
samples in the Pacific Ocean. Thesse findings contradict the theory
of Barnes (1967) that todorokite tends to develop in deeper water
areas, and S-Mnnz in shallow arseas, This is in reasponass to
variation in pressure and temperature conditions with depth,
todorokite development being preferred in greater water depths.

A further argument against the pressure dependence of these
minerals is the wide, overlapping rénga of depths over which

each mineral was found (see Table 6). Howevsr, todorokits, on
average, does occur in samples from greater depths than S-Mnoz.
Some other factor must therefore be operating which varies in a
general way with depth but which is not exclusively depth-
dependent.

Apart from an ieolated continental margin sample, the most
todorokite~rich samples occurred in the Central Indian Basin.
According to Wyrtki (1971), dissolved oxygen levels in the bottom
waters of this basin are lower than those in any other Indian Ocsan
Basin. Dissolved oxygen levels in the bottom waters of ths
Wharton and Somali Basins ars also comparatively low and these
basins also yielded nodules containing fairly asbundant todorokits.
The disesolved oxygen content of bottom waters is affected by ths
presence of'strong bottom currents, the lack of such currente in
the Wharton , Somali and Central Indian Basina accounting et least
in part for the lower dissolvad oxygen levels accurring there

(ses Section 2). Strong bottom currents are known to occur at
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TABLE 6 Average depth and depth ranges of various
— authigenic phases in Indian Ocean
ferromangansss oxides.

PHASE AVERAGE DEPTH OF DEPTH RANGE (m.)
OCCURRENCES (m, )

Todorokits 4520 1265 - 5991
Birnessite 4950 4570 - 5730
S-Mno2 3500 1200 - 5209
Amorphous 4050 860 -~ 4940

Gosthite 3130 1720 - 5410




least in some parte of the Mogambigue and Crozet Basins and
Wyrtki (1971) has shown that comparatively high lsvels of
dissolved oxygen are found in the bottom and near bottom waters
of these basins. Howsver, todorokite wes also identified in
some samples from these basins, indicating that bottom watar
conditions are not the only factors affecting nodule minsralogy.

Calvert and Price (1977) suggested that todorokite tended to
develop in nodules, in deep—water areas, wherever Mn was being
supplied in a reduced form to ths growing nodules, by diagenetic
remobilisation from the underlying sediment. The comparatively
rapid sedimentation occurring in the Mogambique Channel may
favour remobilisation of Mn if the sediment has sn appreciable
contsnt of organic material, (Price & Calvert, 1970) but
insufficisnt knowledge of this and the bottom environmsnt in this
and the Crozst Basin prevents an accurate asseassment of whether
thies process is actually occuring.

In summary, the following conditions genarally, but not

excluaively favour the devslopment of todorokite:

1. Comparativaly low dissolved oxygen levals in thse bottom
waters.
2. A supply of reduced Mn, poasibly from the diagenetic

remobilisation of thia element in underlying sediment,

Birnessite was identifisd in 16 samples. In 3 of thsss,
it was the only Mn mineral, the rsmaining 13 samplss containing
birnessite in subordinate amounts to todorokite. The distribution
of thsse samples is shown in figurs 13. The samples containing
only birnessite (samples ANTP114D and ANTP117D) wers from

stations occupisd in a fracturs zone on the south-west Indian

B7
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FIGURE 13 Distribhution of Birnessite in Indian Ocean ferromanganese-oxide samples.
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Ridge, whilst all the samples in which birnessite and todorokite
occurred together were from the Central Indian Basin.

According to Buser and Grutter (195.) 7R manganite
(i.e. birnessite in the terminology adopted in this thesis) has
a higher 0:ln ratio than todorokite, and might therefore be
expected to occur in more highly oxygenated environments.
However, Glemser et a1l (1981) found thét birnessite znd 8—Mn02
exhibited a wide range of 0:fn ratios which makes the relation-
ship between birnessite and todorokite on the one hand, and
birnessite and S-Mnuz on the other, rather ill-defined if
considered solely on these grounds.

The occurrence of birnessite in the todorokite-rich
Central Indian Basin nodules is difficult to explain if indeed
this mineral does develop more favourably in particularly well-
oxygenated environments, since as has already been discussed,
bottom conditions in this basin are not thought to be highly
oxygenated compared to other areas of the ocean floor. However,
the birnessite in all the Central Indian Basin samples was
poorly crystalline, producing wide bands rather than peaks in
the diffraction pattern, and this may indicate that conditions
are not particularly favourable for the dsvelopment of this
mineral. The birnsssite in the South-West Indian Ridge
samples was by contrast, well-crystalline. Unfortunately, little
is known about the bottom enviromment from which these samples
were recovered, It is thus not possible to compare conditions
in the two areas with any accuracy. However the fracture-zone
samples were all encrustations, and thus indicating that they
came from a rock substrate rather than a sediment covered
substrate. The fracture-zone samples may therefore have

accumulated under more well-oxygenated conditions than those
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from the Central Indian Basin.

Whilst all this evidence is very tentative it does suggest
that the development of birnessite in both groups of samplaes may not
have occurred solely in raesponss to & particular combination of
environmental conditions. Further weight is added to this theory by
the experimental work of Brooka (1963) who suggests that birnessite
may simply be an ageing product of todorokite over geologically
significant periods of tima., This would infer that Central Indian
Basin nodules containing birneseite ere likely to be older than
nodules from other localities in the Indian Ocean. No age-dating
avidence is available however, and therefore no definite
conclusions can be drawn, No age-dasta is available for the
fracture-zone samples either, and although they occurred fairly
near the spreading axis of the south-west Indian Ridge, the very
elow, erratic epreading history of this ridge (eee Section 1)
prevents eny calculation of a likely maximum age for the
encrustations.

Brooke (1968) and Brown (1971) suggest that sample storage
under unfavourable conditions, may promote ageing by enabling
relatively rapid dehydration and oxidation to occur. However the
Central Indian Basin samples weres amongst the newest analysed,
and had been stored in sesled containers in contect with eea-
water. Other samples containing todorokite, which had been
collected several years previously and stored unprotected in
air, showed no trace of birnessite. Moreover, as an experiment,
several samples were crushed for analysis under liquid nitrogen
as suggesteﬁ by Brown (1972) and it appears from thie that no
significant mineralogical changes due to the normal crushing
operation have occurred in the samples analysed.

The problem of the relationship betwsen todorokite end
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birnessite therefore remains laroely unsolved.

As can be seen from {igure 14, S-Hnﬁz was found mezinly in
samples from elevated areas of thz Indian Ocean, in particular
from the mid-ocean ridge znd isclated sea-mounts. E=csause
of the elsvated and rugged nature of their topography thess areas
tend to be amongst the most highly oxidising in the ocean
( Mero,1975). According to Buser and Grutter (1953) S—NnD2 is the
most highly oxidised of the varicus manganese phases found in
nodules, and the types of environment in which it occurs in the
Indian Ocean tend to confirm this. The occurence of 8-Mn02 in
elevated areas, particularly the upper parts of sea-mounts,
agrees witih the findings of Barnes (1957), Cronan (1937,1975)
and Cronan and Tooms (193%) in samples from the Pacific, Atlantic
and Indian Oceans.

Uncharacteristically, guite a few samples were recovered
from the floor of the Madagascar Basin, at depths of around
5000 metres which contained 8-Mn02 in addition to small amounts
of todorokite. Strong bottom currents are a marked feature of
this basin (see Section 2) producing widespread ripple marking
(Ewing et al,1958) and Wyrtki (1971) has shouwn that the dissolved
oxygen content of the deep water in this basin is particularly
high. The strong bottom currents are caused by Antarctic Bottom
Water which flows north-westward out of the Crozet Basin, via
passages in the south-west branch of the mid-Indian Ocean Ridge.
Whilst data is scarce it seems that this water mass is at least
as well-oxygenated in the Madagascar Basin as it is in the Crozet
Basin, perhaps because of its passage through the ridge where it
may become mixed with more highly-oxygenated water. The presence

of a strong flow of well-oxygenated bottom water may therefore

be the cause of the development of S-P'lnD2 in the nodules recovered
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from this basin.

The identification of todorokite also in the samplas suggests
either that conditions favourable for S—Hn02 growth bccux
intermittently and that todorokite dsvslops during less fzvourable
periods, or that under certain conditions, both these minerzls can
Cevelop togsther. The first theory mioht be explained in terme of
a mineralogical response to repezted burial and exhuming of the growing
nodules, or by intermittent pulses of Antarctic Sottom Water.
However, an investigation of whether micro-layering of minerals
occurred in the samples was beyond the capabilities of the
anzlytical methods employed. The presence of intimate mixtures of
difTerent manganese minerals within single nodules has besen
demonstrated by Bezrukav and Andrushchenko (1972) and von
Heimendahl et al (1976). According to all these authors, the
minerals tended to be randomly intermixed rather than occurring
in discrete layers.

Barnes (1857), Cronan and Tooms (19339) and Skornyakova et al
(1975) analysed many samples from the Pacific Ocean which contained
both todorockite and 8-Hn02 or both todorokite and birnessite, but
did not investigate whether these minerals developed together
or in separate cycles. The exact nature of the relationship
betuween different manganese phases within the same nodules and in

particular that between §-Mn0O, and todorokite in Madagascar Basin

2
samples, must therefore remain in doubt in the absence of
detailed microscopic studies.

Samples in which no manganese phase could be identified
occurred mainly in the southern and western parts of the Indian
Ocean (see figure 15). Thése came from several different basins

and from the mid-ocean ridge, sea-mounts and plateaux which might

safely be assumed to display a very wide range of bottom
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environments. No eingle typs of snvironment can thersfore be suggssted
as favouring the devalopment of amorphous deposits. Amorphous semplss
ara characterised by low Mn contentes (ese Saction 5), thus the
principal factor determining whether or not a sampls displays a
distinct mangansse phaes may simply bs the amount of Mn praesnt. Thia is
because ths weakly crystalline naturs of much of tha material in
ferromangansese oxide deposits produces a larga amount of fluorescent
background radiation. A comparatively large amount of a poorly
crystalline phase may thersfore nesd to be pressnt before it can be
identifisd above the background noias. Ae a test, a samplse containing
no recognieable manganseee phase and high background fluorescence wase
"gpiked" with increasing amounts of todorokite. It was found that a
mixture of 10% todorokita to S0% sample wae the lowsst concentration of
todorokite at which the 9.6R and 4.8R peaks became clearly vieible.
Thus samples labsllsd as amorphous may in fact contain a cryetalline
manganese phase but in amounts too small to be seen against ths
background fluorescance. Unfortunately, no method exiete of ssparating
the crystalline phasee of samples from the amorplioue ones. The
distribution of amorphous samples in tha Indian Ocean thersefore
probably doss not reflsct any mineralogical trend but rather a
compositional ons.

With only two exceptions, all the 20 eamples in which goethite
was identified came from the mid-ocean ridgs, essa-mounts or areas
very close to the continents, (eee figure 16). As will be discussed
later, theee arse environments in which increased amounts of iron are
available for incorporation into nodules and encrustations. Thus
the average concentration of iron in samples in which gosthite uwas
identified was almoet 22% compared with an Indian Ocean average of
15%, and in 3 samples showing many peaks attributable to gosthits,

the iron content was over 30%. Therefore it may be that gosthite was
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pregent in many of the samples analysed but not in sufficient amounts

for its major peaks to become visible above the background noise, This
might be eepecially true where the goethite was poorly crystalline or

of small particle size, It must alsc pe noted however, that several
samples containing 20% Fe or more, showed no peake assignable to

goethite. Whilst some poorly or finely crystalline goethite may occur in
such semples, they do indicate the likelihood that the high Fe content of

a gample need not necessarily infer that goethite is present.

(v) CONCLUSIONS

Of the three mangansese phases recognised in this investigation,
todorokite and S-Mnoz appear to be fairly equally distributed in Indian
Ocean ferromanganese=oxide concretions. Howsver they tend to occur
preferentially in different environments. Todorokite occurs mainly in
samples from comparatively poorly oxygenated areas and was thus observed in
continental margin samples and in nodules from most major basins. Nodules
from the Central Indian Basin contained the most well-crystalline todorokite
of all the samplea investigated. 8-Mn02 occurs principally in samples from
elevated areas where the bottom enviromment is thought to be more well-
oxygenated, euch as the mid-ocean ridge syetem and the upper parts of
sea-mounts. Thege samples are usually encrustations.

Occurences of birnessite are rather more limited than the other two
minerals. There is insufficient esvidence of the relationships

between birnessite and todorokite and §-Mn0, to account satisfactorily

2
for its observed distribution. However the fact that birnessite occurred
mainly in deep water samples associated with todorokite agrees with the
findings of Skornyakova et al (1975) in Pacific Ocean nodules.' The general

conclusions reeched, concerning the regional distribution of manganese

minerals in Ferromanganese—oxidée from the. Indian Ocean, are in agreemant
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with the behaviour of these minerale in the Pacific and Atlantic Oceane
(Barnee, 1967; Cronan and Tooms, 1969; Cronan, 1975; Skornyakove et al,
1975). Thie indicatee that eimilar environmental controls on mineralogy
must be operating in all three major oceans and meane that samplee from
a particular environment in the Indian Ocean are likely to have the same
mineralogy ae samplee from similar environments both elsswhere in the
Indian Oceen and in the Pacific and Atlantic Oceans.,

From the preceding discussion however, it is obvious that much
remains to be explained about the interrelstionships between the three
menganeee minerals found, and the prsciee conditions fevouring their
regpective growth., Detailed gathering of relevant snvironmental
information has not so far accompanied marine bottom sampling on en
ocean—-wide basis. Major progrese will only be made in our understending
of the factore affecting the regiocnal veriatinn of ferromanganeee—oxide

mineralogy when the following parameters are met:

(1)The measurement of Redox conditions at the sediment-water interface.
(2)The detection of presence and strength of bottom currents.
(3)The calculation of dissolved oxygen levels in bottom waters.

(4)The careful traneportation and etorege of eamples prior to enalysie.
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SECTION. 5

BULK GEOCHEMISTRY OF FERROMANGANESE — OXIDE DEPOSITS

(1) INTRODUCTION

During the course of this study, 116 samplss from more than SO
stations throughout the Indien Ocean were analyssd for Mn, Fe, Co, Ni,
Cu, 2n, Pb, Ca and Al, A limited number of samples from the Madagascar
and Central Indian Basins were in addition analysed for Cd, Cr and Ti.
The analyses were ali carried out by atomic absorption spectrophotometry.
Dstails of the techniques used and the precision and accuracy obtained
are given in Appendix 1.

The material obtained was of sn extremsly varied type, discussed
in detail in Section 3, ranging from separated micronodules and amall
nodule fragments to whole nodulss with a varisty of core types and
sizes and encrustations on a variety of substrates. If analytical results
are to bes used for the purposes of regional comparison, this variability
poses considerable problems when selecting material for analysis. For
this reason, whensver a distinct core was encoutitered in nodules or
encrustations it was removed prior to analysis., By this mathod it was
hoped to reduce compositional variations which might occur simply bscause

of variations in the amount of diluting aluminosilicate material present.
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Soma samples contained a highly-altsrsd clay-rich core which was
indurated and replaced to varying degrees by authigenic farrgmanganscse-
oxides. In some such samples there was no distinct break bstuween the
core and the suthigenic oxidas laysrs (for oxample, see Plate 47 ), and
thus no core could be removed and the whols sample had to bs crushed
for analysis. For this rsascn as well &3 considsring rogional trends

in terms of bulk analyses, compositional variations wero alzo
investigated using thres—component variation diagrams. Whenplotting
samples on these diagrams the elements Mn, Fe, Ca, Ni Cu Zn snd Pb

wers summad to 100%, thus partly removing the diluting effects of the

non-ferromanganase phasas,

(ii) LOCAL VARIATIONS IN SAMPLE COMPOSITION

Variations in sample compoeition, both within a single sample
arnd botween separate samples from the same site, have been
investigatod by soveral workers (Cronan and Tooms, 1967; Glasby, 1970,
1973; Raab, 1872). Significant variations were observed by thess
authors evon though the analytical precision obtainad by the optical
opactraographic techniques employad was comparatively low. Raab (1972)
found variations of up to 100% in trace metal content within single
nodules. Sinco a fairly high degree of precision was obtained in the
analysas carried out in this investigation it was thought worthuhile
to re-investigste this phesnomenon.

Abundant materizl was obtzained from some sample sites and it was
felt important that,apart from taking a ropresentative samplse for
analysis, some cmall pleces of material should be analyscd separately
as a check on the compositional variability of ths material from that
site., Where material of more than ons morphological type wes obtained

from a single staticn, a reprezentative portion of each morphelogical
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type was analysed separately to sce if compositional differences

reflected morphclcgical diffsrences.

(a) Comoositional Varistions within sinole samples

In most of the samples analysed, there did not scem to be any

major differences in the appocarance of ths ferromangancse phaseg from

core to outer surface, although banding cue to alternate ferromangansse—

rich and silicate~rich layers was often seon as discussod in Section 3.

However, one particular encrustation from the mid-Indian Ocean Ridge,

had an outermost 1ayef which was very different in appearance from the

rest of the sample (sos Plate 8). This outer layer was therefore

analysed soparately, as well as being taken as part of a bulk sample

for soeparate snalysis. The analytical rogults are summarieccd in Table 7.
From the results in Tabloc 7 it can ba seen that there iz a

significant compositional difference beotween the outermost layer and the

encrustation as a whols., The increased Mn and Fe content of the outermost

layer can probably bae at loast partly accounted for by the lower
aluminosilicate content of this layor, as indicated by its lower Al
Content., This may partly oxplain the variation in trace matesl content,
particulerly the increase in Ni, Co and Pb in the outer layer. Howover,
this variation may also ba partly due to a recont change in ths
environmental conditions, an increase in Eh for exampls would promote Co
and Pb enrichment (Crerar & Barnes,1974). Such compositional variation
in a single sample enhances the importance of choosing a sufficiently

reprezentative sample from any one station for analysis.

(b) Comnositicnal Variaticns betwocn samples from the same site

Quite ofton, more than orme nodule, crust or fragment is recovered
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Sample: ANTP 109D

fin Fo Co

(a) Ropresentative

portion

(b) Outer 3 m.m. only

Percentags increase

in outer layer

TABLE 7

P e e

Ni Cu Zn Pb
% % PePefe PoPefs  PoePefMs PePals PoPefe
10.5 17.5 2530 920 575 355 970
17.1 19.1 3900 1870 605 385 1500
67 10 55 105 5 8 55

Comparison of average compogition with composition of outer

encruscation from mid-Indian Ocean Ridgs.

s 7
1.94  3.12
1.85  1.74
-5 -44

layer of an
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from @ single sempling operation. In tho cese of grab or core stations
the samples are likely to have been lying in close proximity on the
gea-bed and might therefors be expected to bs compositionzlly

similar. However, many stations from which material was obtained for

the inuast;gation were dredge stations and this material can be

expected to have been more widely distributed on the sea-bed. Thus it is
likely, particularly in eroas of ruggod bottom topography, that one
dredging operatiofy may recover material from moro than one

sedimentary environment. This problem was investigated by considering

the samples in two groups as follows:

1. Morphologically similar samples from the same gite.

2. Morphologically digssimilar samples from the same site.
1. [MORPHOLOGICALLY SIMILAR SAMPLES

The variation in bulk composition of morphologically similar
samples from six different sites in various localities of the Indian
Ccean is summarised in figure 17. The compositicnal differences
betwesn subsamplos of stations 13GK and 23GBD are so small as to be
near or within the limits of the analytical precision achieved,
especially for semples 23GBD(a) and (b). These latter two semples
show a large pesrcentage difference in Ca value but the absolute
value of Ca in the samples is so small as to make the difference
unimportant. |

Larger variations in composition betwesn the two subsamples
occur at stations 26GED and ANTIPODE 114D. However Mn, Fe and the
trace metals show a strong antipathetic reolationship with Al which
is an indicater of the aluminosilicate content of the scmples.

The compositional differences might therefors be accounted for simply



 IGURE 17 VYariation in chemical composition of morphologically similar samples from the same sample station,
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by the diluting effect on the suthigonic phase produced by a larger
amount of aluminosilicate matorial in one subsample than in the
other. A similar explanation would aleo ssem to apply to the
variation in composition of aemples ABZ84B (a) and (b) although in
this case the enrichment in cample (a) of Ni is rather larger and
of Cu rather smaller than that of the other trace metals.

Semples V29/67 (a) and (b) show no significant compositional
differences sxcept for i and Cu, which are markedly enrichsed in
samples (b). X-Ray diffraction studios of the two samples shou
sample (a) to contain traces of‘S—-NnO2 whilst sample (b) containse
traces of todorckite. Thus it would sesm that though they wore
recovered at the same cors station thegse two samples may havse
formed undor slightly different environmental conditlons. This
station was locatasd on the floor of a steep valle; in en area of
conparatively rugood topography and it is possible that mixing of
nocules which have been growing in different onvironments may have
occurred due to transpori of material, probably by gravity
glumping. This process would tend to bring down ncdules from mors
highly oxygonated conditions on tho sides of the valley onto the
valley floor whers they would become mixed with nodules which had

developed in-~situ.

SUMMARY

Compositional variation between morphologically gimilar nodulss

from the sems gite does occur but often this variation is so small
as to be within the limits of the analytical precision of tho

techniques used. Whoere the variations observed are cutside ths

limits of precision, they are often due simply to the diluting effects

of dotrital silicate material which terids to docreaso ths concentration
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of all the authigsnic elemesnts by a similar amount. Occasionally
morphologically similar samples from the same site show

differences in composition which can only ba attributable to ths
separate samples having grown in different sedimentary environments.
Some explanation of how these different nodule populations wore
subgsequontly mixed must then be looked for. None of the compositional
.variations observed werse very large and thersfors it is not likely
that any major compositional variations havae besn miswved by

gsolecting only one or two samples for snalysis from stations whore

more material was availsble.

2. [MORPHOLOGICALLY DISSIMILAR SAMPLES

florphological differences in ferromanganess-oxide samplss appear
to reflect different modss and environments of growth (see Section 3)
anc these differences era likely to be reflected in the chemical
conposition of the samples.

In this investigation, material obtcoined from 8 statiocns in
various localities wags found to be of mors than one morphological
typs. In order to ascertain whother differing morphology was
accompanisd by significant compositional differences, a representative
portion of each morphological type at each station was asnalyssd
separately. The percontags difference in composition of the two sub-
samples from each station is summarised in figure 18, All the 8
stations investigated showed compositional variations botwsan sub-
samples which were for the most part much greater than could be
accounted for simply by variaticn within the limits of analytical
precision (see figure 18), In contrast to morphologically similar
samples, morphologically dissimilar samples show compositional

variations which cannot, except in one case, be explained largely in



FIGURE 18  Variation in chemical composition of morphclogicelly dissimilar samples from the same sample station,
Positive values indicake greater comcentrations in sub-sample (a), negative values

indicate greater concentrations in sub-sample (b). Dotted lines represent limits _
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terms of a simple diluting effect produced by different amaunts of
aluminosilicate material in the sample. The two samples from station
RC14/D4 showsd variations in Mn and Fe which might be atiributable
to a simple diluting effect, bu ths increase in Co and Pb in the
encrustation seems rather greater than could be accounted for by this
effect alone. The behaviour of Cu indicates that the aluminosilicate
phase may contain appreciable amounts of this element. At the other
7 stations however, comparatively large compositional variatians
occur which do not show a simple dependence on the difference in Al
content of the two sub-samples. At stations 23GBD, SH1301D and
SH13070 Cu, Ni and Zn values shouw an antipathetic relationship with
Co and Pb. As will be discussed later, this negative correlation is
developed markedly on amn ocean-wids basis end can bes accounted Tor
in termg of different environments of deposition favouring the
development of different Mn oxide phases which preferentially
incorporate different trace metals (Barnes, 1967). No significant
mineralogical differences in the Mn phasss Wers found at these stations
however, but it is possible that a minor qifferonce in mineralogy
not detectable by the bulk X-Ray diffraction techniques

used, is sufficient to csuse the comparatively small difforencos in
trace element content observed in these s@mples.

Mineralogical differances may explain the trace metal bshaviour ir
samples from stations RC14/D4, since tha sub-sample which was enriched
in Co and Pb was found to contain © -Nn02, and samples containing
this mineral tend to be enriched in these msiale (Barnes, 1967; Cronan,
1972; this siudy). The Mn phase in the other sample from this station
was essentially amorphous.

The morphological differencaesbetwesn sub-samples at station
SH1303D were not as marked as those at other stations. The variations

in trace metal content which occur betwcen ths two samples from this

-
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station do not show the simple antipathstic relationship scen in the
material Prom stations SH1303D and SH1301D. Of particulzr interest in
samples from SH1303D is the markod increase in Cu in the sample
containing less Mn and Fe but more Al. This indicates that the
alumincasilicate phase may contein appreciablo emounts of Cu as wes
also indicated by the behaviour of these elements in eamples from
station RC14/D4.

The stations AB375G, AB368C and AB367C were all located in the
Mogambique Channel area and show particularly marked morphological

and compositional variations which are best discusced individually.

STATION AB375G

The two sub-samples from this d&ation are characterised by
extrems differonces in their Mn and Fe contsents. The irreqular
nodule from this otation was extremely rich in Mn, and this coupled
with itc generally low trace metal content, points to the enirichment
of Fn in this sample by diagasnetic remobilisation within the under-
lying sediment (Pachadzhanov et al, 1963; Lynn & Bonatti, 1965;
Preslsy st al, 1967). The semple is from an arca whers cedimentation
ratcs are generally high and nodules of similar compgaition have been
found in othor continental margin aroas undergoing rapid sedimentation
(fero 1955; Price & Calvert, 1970). The other sample from this station
was much lower in Mn and highor in Fe and, apart from Cu, higher in
trace metals alsos This sample, however, was an encrustation and
whilst the oxact nature of its substrate was not known it is obvious
that it cannot have beon undorlein by sodiment and was probably picked
up by the dredge from a more olevated area which was sodiment~freec.
Itc compogition thoreforo reflects a mors normal authigonic

precipitation of (i and Fo oxides and associatod trace slements in



contrast to the more rapidly formed dizgenetically [Mn-enriched nodule
from the same dredge haul. No simple explanation can be found to

account for the behaviour of Cu in these two samples.

STATION AB358C

Two very different morphological types of ferromangansse—oxide
material were recoversed from this station, one sub-sample consisting of
" large nodules and the other of micronodules ssparated from the under-
lying sediment. The most noticeable compositional differsnce betwesn the
two sub-samples is the lowsr Fe, Co and Pb content of the micro-nodules.
The difference in the Fe content of the samples cen be explained if it
is assumed that the nodule accreted predominantly from "normal"” sea-—
water whilst the micronodules precipitated from interstitial waters.

The latwr, becauss of the lack of mobility of fe compared to Mn in
sadiments (Lynn & Bonatti, 1965; Presiley et al, 1967) are likely to be
depleted in Fe compared to bottom waters and thoroforo produce a
precipitate with a lower Fe content.

In these samples, Co and Pb tend to follow Fe, a correlation
which also seems toc occur on an ocsan-wide basis. This might imply that

Co and Pb are bound up in the Fe phase of these samples, @specially

since there was no observable difference in the mineralcgylcf the fin phase

of the tuc'sub—samples which might affect trace mstal uptake. However,
it may simply reflect much lower Co and Pb values in the pore waters
from which the micronodules arte likely to have accreted.

The high Ca content of the micronodules sample is probably due
simply to the inclusion of carbonate material in the material selected
for analysis since the micronodules were obtained by simple physical

soparation from the dried sediment, which was carbonate-rich.
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STATION AB367C

This station also produced material of two very differsant
morphologies. The main compositional difference between the two sub-
semples is the much higher iron content of the cylindrical crusts and
their depletion in Mn, Co, Ni, Cu Zn and Pb. As discussed in Saction
3, the encrustations appear to have formed very rapidly around iron
nails. The Fe content of the nails was over 50% and the high Fe content
of the encrustations round them may therefore be due to Fe being
supplied to the Erusts from the brsakdown of the nails themselves.

If the trace metale are contained predominently in the Fn phase then
the lowar trace metal content of the crusts may simply be a refloction
of their lower Mn content. However, low trace metal contents appear to
be typical of rapidly accumulated ferromanganese-oxides in general,
(Bonatti et al, 1972; Scott et al, 1974), and the lowsr trece matal
contont of the crusts may therofore simply be a result of their ropid

growth,
SUMMARY

Quite large compositional variations were found to occur in
samples of different morphology which were recaovered from the sams
sampling .operation. This variation could not generally be explsined
simply by differencass in thes amount of alum;nosilicate material present;
more oftan the differences appear to be due to the growth of samplas
in differsnt sedimentary environments.

All the stations from which samples of more than one morphological
type wers recovered were drodge stations in areas of fairly rugged
topography. Environments of deposition are known to vary quite rapidly in

such areas and therefore samplea of different composition and morphology



might be expected to be recovered in a single dredge haul in these
areas. Thie was found to be the case on Pacific Ocean sea-mounte by
Hubred (1970) and in a emall arsa of the Carleberg Ridge by Glasby
(1970). It is important therefors, when selscting material from dredge
stations for analysis, to sub-sample any material which displaye a
variation in morphology since it may show . significant compositional
differences and therefore give some idea of the variation in
environment which occurs along the path travelled by the dredge at that

station.
(iii) MINERALDGICAL INFLUENCE ON COMPOSITION

The average composition of todorokite-rich and S-Nnnz-rich samples
from the Indian Ocean is listed in Table B8 below, together with the
average composition of samplee containing no identifiable Mn phage. As
can be seen from tha Table, todorokite-rich samples are markedly snriched

in Mn, Ni, Cu and Zn compared to §-Mn0, samples. S-Nnnz-rich

2
samples on the other hand contain more Fe, Co and Pb. The enrichment of
Cu, Ni end Zn in todorokite-rich nodules has been observed by several
previous workers (Barnes, 1967; Cronan & Tooms, 1959; Cronan, 1975b) and
thees same authore aleoc noted that Co and Pb were enriched in S-Nnﬂz-
rich eamples. The possibls reasones for these enrichments will Ee
diescuseed later,

The enrichment of Fe in S—Nnuz-rich samplas could be explained if
volcanism supplied appreciablé amounts of Fe to the oceane eince 8-ﬂn02-
rich samples are often found in areae aesociated with volcanism euch as
the mid-ocean ridge eystem and esa-mount arsas. The poseible reasons for
the enrichment of Mn in todorokite-rich samplee are nﬁt as etraight-
forward and will be diecuesed in Section 9.

Tha low Mn content of the samplae categorieed ae amorphous may ba

the major cause of the fact that no Mn phaee could be identified, eince
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Principal Mn phass n Fe Co Ni Cu Zn Pb Ca Al Depth
% % PePele  PePele  PePelMe  PoPeMe  PePele  PepeMe  Pepa. (m.)

Todorokits 20.0 9.5 1300 8440 6890 1030 760 1.66 2.60 4520
(37 samples)
S~Mn0 14.7 19.3 3600 2500 790 540 1420 2.40 1.78 3170
(33 samples) ‘
Amorphous 9,9 13.7 1750 23580 1260 480 930 1.40 3.34 4090
(13 samples)

TABLE 8 Average composition of samples of differsnt minsralogy.
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any crystalline phase which is present is likely to be present in much
smaller amounts than in the other samplaes. The low [n content may also
account for the fact that the trace metal content of these samples is
generally low. The reascns for the low fin content may simply be onse

of dilution by non-authigenic :ﬁ:ﬁ: phases since the combined fin and
Fe content of amorphous saemples is noticeably lower than that of the

‘'other samples and the average Al content is higher than that of tho

other samples.

(iv) INTER-ELEMENT ASSOCIATIONS

There have been many previous attempts to establish inter-element
correlations in marine ferromanganese deposits and to try to explain
them in terms of chemical, mineralogical and environmental controls on
element uptake in these deposits. The results of earlier workers were
quite diverse. For example, Goldberg (1954) found positive corrolations
of iron with Ti, Co and Zr and of manganese with Cu and Ni and tried
to explain these in terms of a colloidal "scavenging" hypothesis of
manganese and iron oxides. However, Riley & Sinhaseni (1958) found no
correlation of Fe with Zr or of Mn with Cu. Cronan (1967,1969) confirmaed
the correlation of fn with Cu and Ni but could find no correlation
betueen Fe and Co. Barnes (1967) and Cronan (1969) alsc found positive
correlations with depth for Ni and Cu and negative correlations with
depth for Co, Pb and Ba and tried to explain these in terme of a
mineralogical control as influenced by depth. )

More recent work (Cronan & Tooms 1969; Rancitelli & Perkins, 1973;
Glasby, Toome & Howarth, 1974) has again shoun correlations of manganese
with Cu, Ni and Zn and of iron with Ti, Co and Zr.

Some element associations were obvious upon simple visual

examination of the data presented here. However, in order to clarify



these and iﬁvestigate less obvious ones a correlation matrix for the
data was computed using a progremme developed within the Applied
Ggochemistry Ressarch Group at Imperial College.

The production of a correlation matrix for the 116 eamples
analysed is made somewhat complicated by the non-normal distribution of

elements in manganese nodules and encrustations. In order to compute

‘a reliable correlation co-efficient between two elsments, thers ars two

major requirements. The first is that a sufficiently large number aof
analyses should bs used. The 116 samples used in this study provide a
sufficiently large number to meet this requirement adequately. The
second requirement is that both elements should show similar
distribution patterns. Unfortunately a negative skewness is imposed on
the distribution patterns of many élements in geological systems

because of the constraints applised by the fact that the total element
concentration must always sum to 100% (Chayes, 1960). Some elements in
ferromanganeseQindos tond towards a normal distribution whilst others
tend toward a log-normal distribution. In order to overcoms this
prob;em, two correlation matrices wore calculated for the data, one
using normal data and one using log-transformed data. Thess matrices are
presentsd in Table 9; arithmetic data appears beneath the diagonal lins,
log~-transformed data above. An examination of both correlation matrices
reveals few differences. Most elements are similarly correlated at the
99% confidence levsl on both. The level at which a correlation co-efficient
becomes significantly different from zero at the 95% and 99% confidence
levels is given in Table 10.

Both major authigenic slements [In and fe, show a marked negative
ccrrelation with Al significant at the 99% contfidence level, indicating
that a negative correlation exists betwesn the authigenic and detrital
phases of thase deposits. This might be expected in visw of Chayss!

work on the constraints applied'on geological systems due to the fact



Depth M Fe Co Ni

Depth 228 -,298 -,446 174
Mh . 199 -. 337 .072 +673
Fe -.448 -, 464 . .533 ~.551
Co -.515 -.082 « 270 -.195
Ni +291 «754 ~,6056 -,234

Cu 2422 721 =.627 . —.341 .930
n +251 .766 -.537 =.274 .929
Pb —~. 483 ~-.0G8 423 .807 -.353
Ca -.421 -.192 -,067 071  -.075
Al . 504 ~-.374 -,338 -.438 -.125
cd + 227 621 -,610 -,493 .673
Cr -.081 -.251 024 -,195 ~,161
Ti -.240 ~.733 .860 755  -~.814
TABLE 9 Table of correlation matrices for

logarithmic above. No. of samples

Cu Zn Pb Ca AL Cd. Cr Ti
.590 .195 =.341 -.621  .602  .360 -.089 -.236
574 .620 . 130 =.199  —.338  .754 =.389 =.709
~.673 =522  .578  ,076 -.200 -.820  .134  ,838
~542  =,267  .888  .192 ~.477 -.698 -.184  .745
781 .895  —.196 =,148  =,147  .843 =.199  -,B49

760 —,491 -.411 :275 864 =-,163 =-.851

.874 ~ 276 =141  =.142  .866 =.257 =—.872
-, 458  =,374 16 —.438 -,675 -,094 675
-.154 =-,061  .055 ~.503 ~,226 =042  .404

.001 =-.157 -.518 -,263 -273 420 .157

L667 646  =.518  =,133  —,271 - 139 =747
~ 157  =,204 -.112 =071 .367 -.102 167

-.767 -,818 . 669 « 335 .267 -.554 .003

the total sample data. (116 samples) Arithmetic data bencath diagonal,
used to calculate correlation matrices for Cd, Cr & Ti was 27.

9ttL



Number of samplss usaed Confidence Lavsl
to calculate matrix 95% 99%
27 «323 . 445
116 .185 = .225
TABLE 10 Minimum values of correlation co-efficients

which are significantly different from zero
at the 95% and 99% confidsnce levels.
(Derived from Fisher & Yates, 1964).
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that the constituents must always sum to 100% (Chayes, 1960).

However, the most striking correlations are those between ths
trace metals Ni, Cu, Zn and Cd and between Co, Pb and Ti. Tﬁese are
equally significant using both arithmetic and log-transformed data sats.
Smaller, but still highly significant correlations exist between the
major and minor authigenic slements. Thus, Ni, fu, Zn and Cd correlate
“strongly with Mn, whilst Co, Pb and Ti corrslates strongly with Fe. The
correlation between Co and Fe is not as marked however, and there is a
marked difference beiween the correlation co-efficients using normal
and log—-transformed data indicating that the distribufion patierns of
these two elements are not similar.

It has been suggested (Glasby, 1970; Glasby, Tooms & Howarth,
1974) that the comparatively low correlations of the trace olements
with Mn and Fe indicate that incorporation of the trace elements into
nodules is independeﬁt of the concentration of Mn and Fe oxide phases
present. Electron microprobe studies (Sorem, 1973) have shown bands
within nodule samples containing up to several percenit of trace metals
and thus it would seem that the concentration of n and Fe in samples
may not be the most important factor in determining the trace eslement

content of samples.

Cobalt and Lead

Cobait and lead correlate stronqly positively with each other.
They both also correlate strongly positively with Fe whilst showing no
significant correlation with Mn. Similar strong positive correlations of
Co with Fe have prompted some workers (Burns, 1965; Burns & Fuerstenau,'
19665 Barnes, 1967) to suggest that Cobalt, as the Co°@ ion, is
incorporated into nodules within the hydrated iron-oxide phase; by

substituting for the F83+ ion. More recent work (Cronan & Tooms, 1968;
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Glasby, 1970; Burns & Brown, 1972) has shoun that Co is not associated
with Fe-rich areas within nodules. In fact Burns & Brown (1972) using
electron microprobe techniques found that Co was gtrongly positively
correlated with Mn within single samples and Cronan (1975) hao found a
poositivo correlation botwoon Mn and Co in ovor 150 samplos from tho
Atlantic Ocoem. Burns (197G) has shown that ot in tho low-gpin state
.in which it ocecurs in oxides, is highly unsuited for eubstitutibn with
high—-spin F93+ ions in tha FeDUHxH20 phase of nodules because of the
large differcnce in their atomic radii (0.538 for low-spin Cos+, 0.658
for high-spin F83+). Howsver, low-spin COS+ has an ionic radius very
closae to that of ﬂn4+(radiUS 0.54R) and might thus be ablse to substitute
for ﬂn4+ ions in the fln phagses. Burns in fact proposes a favourabls
thermodynamic scheme whereby Coz+ ions are adsorbed onto .thse Fn—oxides
near vacanciss in ths (Nnﬂﬁ) laysr and oxidised and incorporated intao
the lattice by reduction of S—Hnﬂz. Thus the high positive corrslation
of Co with Fe does not seem to infer that Co is incorporated into
ferromanganese—-oxides within the fe phase, but that there is a separats
factor Pavouring iron enrichment in environments which also favour Co
snhrichment.

Much less work has baén done on the mechanisms of incorporatiocn
o? Pb into ferromangenese—oxides. Glasby (1970) found that Pb, like Co
was associated with the Mn-rich phases rather than the F@-rich phases
within soms nodules. If this iz so, then Pb is enriched in eamples which
are also enriched in Fe, but for different reasons, as was the cass with
Co.

Goldberg (1965) has suggested that in highly oxygenated marine
envitonments Pb may be oxidised to the totravalent icn and in view of its
close corrslation witﬁ Co it seems that Pb might be enrichsed in S-Nnoz—

rich samples by incorporation within the E;-Mnﬂz lattice. Howsvar, the

very large lonic radius of the tetravalent Pb ion (0.848) coempared to Mna+



4 WUnilst detailed

(0.548) must preclude the substitution of Pb for Fn
knowledge of the lattice structure of 3-ﬂn02 is not available it ssems
unlikely even in the comparatively disordered state in which it occurs
in many samples, that this mineral could accomodate the Pb4+ ions within
the structurse, fluch of the Pb in {erromanganase-oxide samples may

therafors be present as acsorbed species or perhaps sven as a separats

insoluble phase such as a hydroxide.

fNickel and Coppsar

Nickel and copper correlate very strongly positively with each
other and, to a lesser extent, with Mn. Elsctron microprobe studies
(Cronan, 1967; Glasby, 1970; Burne & Broun, 1972) have shown that Ni and
Cu ars strongly enriched in the ﬁn—rich arsas of noduls samples. Ni and
Cu have been shouwn to be enrichad in todorokite-rich nodules (Cronan &
Tooms, 1969; Price & Calvert, 1970; Sorem & Foster, 1972; this study).
According to Goldberg (1965) Ni and Cu are present in soa-water as

2+ and Cu2+ and Burne and Fuerstenau (1966) and Cronan &

divalsnt . Ni
Tooms (1969) have suggested that the enrichment of Cu and Ni in
todorokite-rich nodules is due to the ability of these divalent-ions to
substitute for the divalent fin in the todorokite lattice. The ionic

radii of Ni2+ and Cu2+ are 0.69R and 0.728 respectively. These radii are
not particularly close to that of mn2t (0.80R), howsver they may be clossa
snough to that of an+ to allow substitution Qnder the particular
conditicne encountered in the environmAnt of growth of ths depooit.
Fuerstsesnau st al (1973) using chemical leach techniques showod that much
of the Ni and Cu in nodulss méy not be lattice-hsld but simply adsorbed
onto colloidal-siza Mn-oxids particles. These authors also sta?e that

thig may be the case for Co in samples which are low in Fa. This may

avoid several of the problems posed iV lattice sites are assumod to be
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the major site for the trace metals howsver it does not explain the
obsgsrved enrichment of Ni, Cu and Co in samples whers the [in phase
appears to be particularly favourable for ionic substitution of the
respective traée matals. As alrsady shouwn, Ni and Cu tend to be
enriched in todorokite-rich samples and the positive correlation of
these metals with in on an ocean-wids basis probably reflects ths fact

.that todorokite-rich samples are also enriched in fin(sse Table 7).
Zinc

Zinc cozrelatses strongly positively with Ni, Cu and Mn. Pgsitive
correlations of Zn and Cu have alsc been found by previscus worksrs
(Cronan,1975b; Glasby, 1970; Rancitelli & Perkins, 1973). According to
' Goldbsrg (1963) Zn occurs in the marine snvironment as the Zn2+ ion,

. ce . . . 2+ .2+ s s .
which has an ionic radius of 0.748. Like Cu and Ni~", this ion is
suitable for subsztitution for Nn2+ in the todorckite lattice and if this
is the major method of incorporation of Zn in ferromanganess—oxidss it

might thersfore be expscted to follow Ni and Cu closely.
Cadmium

Only 27 semples wers analysed for Cd and the analytical precisian
obtained was comparatively lou (ses Appendix 1). These two factors,
combined, limit the conclusion which may bs drawn about this elemsnt's
associations with other metals, howsver Cd does shoW signiticant
positivse corrslations - with Cu, Ni, Zn and Mn. Like these metals, Cd is
probably present.in ssa-water as the divalent ion. Ths Cd2+ ion has an
ionic radius of 0.978 which would appear too large to enable
substitution for divalent Mn and may account for the low concentration of

this slement in the samples enalyssd. Virtually no other work has been
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published on Cd in marine manganese nodules although Ahrens et al
(1967) reported a positive correlation of this metal with Zn in samples

' from the Caps Basin area of? Sauth Africa.
Calcium

Calcium shows no significant correlations, sxcept with Al, with
which it correlates negatively, and Ti, with which it correlates
positively. Calcium may be present in the authigunic phase of marine
ferromanganesc dopooits since it is an important minor constituont of
todorokito (Stra czok ot al, 1900) and birnossite (Jones & Milna, 1950).
Indeed electron microprobe studies have shown that within some nodules
Ca is enriched in the Mn~rich areas (Cronan & Tooms, 1968), howsver Ca
shows no positive correletion with Mn on an ocean-wide basis in this
investigation,

Some of ths Ca pressnt in the samples may be in the form of
authigenic carbonats material, particularly where the total Ca content
of the sample is high. Chemical partition studies on some samples have
shoun that much Ca is acetic acid soluble and may therefore be present
as carbonate material (see Section 7). Calcium might thus be expscted
to bs most abundant in samples from shallower depths, above the lysocline
and this appears to be borne out by the significant negative correlation

ot Ca with depth.
Aluminium

Aluminium shows no very strong correlations with any other elesment
but it does exhibit minor negative correlations with n and Fe. This is
not unexpected since Al is an effective indicator of the aluminosilicate

content of samples and the aluminosilicate content would be expected to



exhibit a strong antipathetic relationship with The authigenic Ma and
Fe phases.

Aluminium also exhibits a strong positive correlation with depth.
This might also be expected, since nodules growing in sediment-floored
basins ars likely to incorporate more aluminosilicate material during
grouth than samples growing on sea-mounts and other elevated areas

which are largely sediment-frse.
Titanium

Only 27 samples were analysed for Ti and these samples wsre all
from ocean basin areas. Therefore only limited conclusions can be drauwn
from the correlation co-efficients obtained. However, Ti doss correlate
stronoly positively with Fe, Co and Pb and strongly negatively with [Mn,
Ni, Cu and Zn. Goldberg (1954) found a similar correlation of Ti with Fe
and attributed it to scavenging of Ti by colloidal iron~oxides. Selsctive
leach procedurss carried out on more than 20 gamples, howsver, released
only 10 — 30% of the total Ti in the =samples whilst 60 - 80% of the total
Fe was removed. Thus it seems that a substantial amount of the Ti present
in ferromanganese nodules may be contained in phases other than the
authigenic oxide phases and that this phcse is more abundant in semples
enriched in Fe, Co and Pb. These throc elements tond to be enriched in
samploa from elovatod arcas assoclated with velcaniam and theo increoasod
Ti in samples from these areas may therefors be dus to the inclusion of

volcanic material.
Chromium

As with Cd and Ti, only 27 samples from a limited range of

environments were analysed for Cr. Analytical precision obtained for Cr



was not very high (sse Appendix 1) and therefore the co-efficients
obtained are not likely to ba as roliable as thcose for ths other slements.
In fact Cr shows no vary significant correlations with other elements
except with Al. Chromium is one of thse few elements which is dapleted in
Terromanganesse—oxids deposits compared to its average crusval abundanca.
This is because most Cr enters ssa-water as detrital particulate material
tather than in solution. Such Cr as there is in solution may wall be
present as the Cr042- ion which would not be suitable for incorporation
into ferromanganese-oxides. Most of the Cr in the samples is therefora
likely to be present in the detrital phases. This theory is bornae out by
the fact that Cr correlates positively only with Al and by the fact that
most of the Cr in nodules subjected to partial chemical attack appearsd

to be in the resistant phases (ses Section 7).

Elemant correlations with depth

Apart from the slement correlations with depth already discussed,
significant positive corrslations of Ni, Cu and Zn with depth occur.
These can be attributed to the preferential enrichment of these elaments
in todorokite-rich nodules discussed sarlier, since todorokite—gich
~nodules tend to be found mainly in thes deeper regions of the Indian
Ocsen. Similarly the negative correlations with depth of Lo and Pb ara
probably due to the fact that these slementis are prefersnhtially enriched
in S—Mnﬂz-rich samples which have been shown to occur predominantly at
shallower depths (see Section 4 ). Iron also shows a naegative correlation
with depth. Thie is probably due to the fact that sea-mount and mid-ocean
pidge samples, which are from comparatively shallow depths, are enriched
in iron because of the elemant’s increased availability in this typs of

environment (see Ssction 8 ).
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(v) AREAL VARIABILITY

The areal variability of ferromanganese—oxide deposits in the Indian
Ocean has been the subject of much less study than in the Pacitic Ocean.
Cnly two ocean—wide studies have been carried out. Cronan (19587) analysed
samples from 25 sites throughout the Indian Ocoan and Bezrukov and
Andrushchenko (1973) analysed over 50 samples from all the major basins
6? the Indian Ocean. Detailed studies have been carried out in the north-
west Indian Ocean by Glasby (197b) and off South Africa by Ahrens et al
(1967). Material from over 90 stations was studied in this investigation
and the bulk composition of surface samples from these sites has been
plotted on maps of the Indian Ocean togethsr with data from all the
previously published reports of Indian Ocean ferromaﬁganese—oxide deposits.
A discussion of the regional trends observed is given in Section 8. In
addition, the average composition of samples from 11 different
physiographic regions of the Indian Ocean has been calculated and is
given in Table 11.

Several authors (Mero, 1962, 1965; Price & Calvert, 1970) have used
metal ratios such as mn/Ni and Fe/Co to investigate the arsal tronds in
major and minor element composition which occur in oceanic ferromanganese—-
oxide deposits. However, it was decided that, for the samples analysed in
this investigation, a more satisfactory method of displaying compositional
trends was by the use of 3-component scatter plots. Such diagrams were

used to plot variations of Mn and fe against Ni, Cu, Zn, Co and Pb.

In order to produce meaningful diagrams it was necessary to scale up the
values of the trace metals by factors of up to 100. However, the level of
analytical precision obtained was such that, even with this scaling up,
the variations on the diagram which could be written off ag simply due to
analytical error were very small.

~

Sample points were plotted on the diagram using a different key symbol fo
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TABLE 11

PART A

Mn %
Fe %
Co p.p.m.
Ni p.pem.
Cu p.p.m.
ZN p.pe.m.
Pb p.p.m.
Ca %
Al %
Cd p.p.m.

Cr p.p.m.

Ti p.p.m.
Depth (m.)
in/Fe

No. of

samples

(Parts 1 ta 6) - Average compasitions and campositional

ranges of sznples from various physiographic regions aof

the Indian Oceaml

Average compositiaons

1130

10300

9910

1190

650

1.33

2.75

20

36

3240

5090

22

12.8

15.5

1900

3390

1500

680

970

1.89

3.03

4600

0.83

1e Central Indian Basin

2 Crozet Basin

3. Madagascar Basin

4. Mogambigue Basin

S Somali Basin

5. Wharton Basin

12.6
16.1
2560
2280
1150
490
1040
1.59
3.27
10

28

11800
5010

0.78

15

11.6

13.0

1500

3150

1660

480

1200

1.30

3.07

5277

0.89

1390

4810

2410

640

710

1.27

2.48

4455

1.3

15.1

1.4

1730

5570

3550

710

870

5320

1.3

cont/.....
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TABLE 11 (Parts 7 to 12) - Average compositions and compositional
ranges of samples from various physiographic regions of
the Indien Ocsan.

PART A Average compositions
7. 8. 9. 10. 11. 12,

Min %4 16.5 17.5 1.71 13.4 12.5 15.1

Fe % 16.5 14.7 43.9 17.4 19.4 15.2

Co p.p.m. 1200 2640 330 4430 2050 2270.

Ni p.peme 8000 2850 1330 2750 1190 4510

Cu p.p.m. 2040 940 640 650 880 3010

Zn p.p.m. 1120 560 480 530 510 700

Pb p.p.m. 580 1280 160 1610 925 1010

Ca % 3.09 2.00 0.64 3.91 2.11 2.30

Al & 1.84 1.73 1.21 1.72 2.54 2.44

Cd p.p.m. - - ; - . - 18

Cr p.p.m. - - - - - 33

Ti p.p.m. - - - - - 6710

Depth (m.) 3120 3180 * 1720 2240 3920 4040

Mn/Fe 1.0 1.2 0.04 0.77 0.64 1.0

No. of

samples 4 7 2 19 19 110

7. flogambigue Channel

8. Southern African Plateaux

9. African Continental Borderland
10. Sea-mounts and aseismic ridgses
1. Mid-ocean ridge system

12. Indian Ocean average
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TABLE 11 (Parts 1 to 6) - Average compositions and compositional
ranges of samples {rom various physiographic regions of
the Indian Ocean.

PART 8 Compositional ranges
1. 2. 3. 4. 5. 6.

Mn % 3.5- 8.41~ 6.24— 7,47~ 11.7- 10.1~

31.0 17.1 17.1 14.6 18.9 22.2

Fe % 4.22~ 11.5- 13.6—~ 8.66— 9,15- 6.45~

15.0 17.5 19.3. 16.9 14.9 15.7
Co p.p.m. 570~ 1160~ © 940- 1040~ 1010~ 1180~
2280 2210 3900 1780 1770 2290
Ni p.p.m. 750~ 1920~ 920~ 1670~ 3460~ 2260~
15700 6000 3400 4920 6160 8840
Cu p.p.m. 585~ 785~ 575~ 915 1730- 920-
17700 2340 2040 2280 3080 6590
Zn D.p.. 210- 425~ 355~ 285- 535- 450-
1810 895 600 670 750 1010
Pb p.p.m. 210- 785~ 350- 730~ 360- 465-
1320 1190 1500 1560 1060 1100
Ca & 0.52- 1.34~ 1.21- 1.13- 0.92- 1.04~
1.57 2.40 " 1.94 1.44 1.61 1.74
Al % 1.83~ 1.70-  1.63- 2.50- 1.68— 2.41—
7.62 3.86 5,93 4.17 3.27 6.09

Cd popomo 11" - 8"‘ - - -—

Cr p.p.m. 15— - 20- - - -

Ti p.p.m. 1480~ - 7180~ - - -

Depth (m.) 4435~ 4050~ 3967- 4960-~ 4190~ 4840

5399 4810 5209 5450 4721 5991

cont/ees..



129

TRBLE 11 (Parts 7 to 12) - Average compositicns and compositional
ranges of samples from various physiogrephic regions of
ths Indien Ocezn.
PART B A
Compositional ranges.
7. 8. 9. 10, 1. 12.
Mn % 10,3~ 1243~ 0.23~ 1.87- 4,67~ 0.23-
' 20.3 36.5 3.20 24.7 18.1 36.5
Fe % 2,35~ 2,46~ 39.9~ 74+94— 11.9- 2.35~
33.3 19.0 47.9 - 30.7 24.0 47.9
Co p.p.m, 895~ 6540- 200~ 820- 375~ 200-
1830 6050 460 14500 3740 14500
Ni p.pem. 6140~ 1200~ 755~ 875- 1210~ 750~
9090 7380 1910 4760 2960 15700
Cu p.p.m. 1360- 450—- 550- 170- 255~ 170~
2690 2300 725 2580 2960 17700
Zn p.p.m. 845~ 250~ 450~ 380- 220~ 210-
1650 835 510 745 645 1810
Pb p.pem, 225- 500~ 140~ 135- 220~ 135-
915 . 2180 180 2530 1420 2530
Ca % 1.21- 0.52~ 0.54~ 1.39~ 1.41= 0.52~
7.73 5.34 0.73 26.8 4.45 26.8
Al % 1.25- 1.47~- - 1.10~ 0.34~ 0.44~ 0.34~
2.58 2.25 1.32 5.66 6.41 7.62
Cd p.p.m. - - - - - 8-
28
Cr p-pomu bnd - - bl hand 15—
155
Ti pep.m. - - ~ - - 1480~
13500
Depth (m.) 2995~ 1265~ 1720 860- 2550~ 860-~

3250 4100 3950 5730 59591



of the 11 population subsets of samples listed in Table 11.

Nickel — Fe = ©n

The Mn - Fe — Ni scatter plot is shown in figure 19. Nickel values
in samples from ths mid-ocean ridge system show a very small spread, the
main compositional trend in these samples tending to be toward Fe-
.enrichment. This trend is not marked however and most samples plot within
a comparatively small area of the diagram. By contrast, samples from sea-
mount areas show a wider range of comﬁosiiion. In gensral they are higher
in Ni and lower in Fe than mid-ocean ridge samples but one or two samples
do show a pronounced Fe-enrichment.

‘Samples from the major ocean basins show a very distinct trend of
Ni enrichment whilst keeping a fairly constant Mn valus. Within the
group of ocean-basin samples , those from the Madagascar Basin plot
largely in or very near the field of mid-ocean ridge samples whilst
those from the Mogambique and Crozet Basins show slightly more Ni-
enrichment. This trend of Ni-snrichment is shown to a greater extent by
Somali and Wharton Basin samples and by samples from the [logambique
Channsel. Central Indian Basin}samples show the trend to the most markasd
degrea. In marked contrast, samples from the continental borderland area

show sxtreme iron enrichment.

Copper — Fa = Mn

Copper has already been shown to follow Ni quite closely and there-
fore, as might be expected, the variation diagram for copper (figure 20)
"~ is quite similar to that for Ni. Houwever there are some small differences.
On average,mid-ocean ridge samples contain more Cu than éhose from sea—

mount areas. This is the reverse of nickel'!s behaviour and a possible
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Figure 19 Scatter plot for
Mn - Fe = (NI x 10).
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Scatter plot for

Figure 20

Mn - Fa - (Cu x 20).
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Mn = Fo = (2n x 100).
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reason for this is discussad in Section 9. Also the spread of values

of the three major sub-populatioas is rather greatsr for Cu than Tor

Ni, Copper behaves very iike Ni in ocean-basin samples, showing a

marked trend of Cu-enrichment. As is %the case with Ni, Central Indian
Basin samples show this trend to the greatsst extent, whilst those from
the Crozet and Madagascar Basins show very little Cu-enrichment and plot

largely within the field of mid-ocean ridge samplses. Continental

borderland samples ara very low in Cu and show extreme Fe-snrichment.

Zinc - Fg = Mn

Whilst Zn shows soma similarities to Ni and Cu it shows a greater
spread of values than do Ni and Cu (see figure 21). Ocean Basin samplss
show a trend of Zn-enrichment but this trend is not as marked as that
exhibited by Ni and Cu, Mid-ocean ridge samples are of very uniform
composition, being generally low in Zn and exhibiting only a very small
trend toward Fe-enrichment. Samples from see-mount areas show a similar
trend but are rather more variable in composition, some of the more Fs-
rich samples baing comparatively high in Zn. Zinc values in [adagascar
Basin samples show more affinity with mid-ocean ridge samples than with
other ocean basin samples. This behaviour was also observed for Ni and

Cu,

Cobalt -~ Fa - Mn

Cobalt shows very different trends to those shown by Ni, Cu and Zn
(see figure 22). Ocean basin samples show a marked trend of Mn-enrichment
becoming increasingly depleted in Co and Fa. Once again, Centrai Indian
Basin samples show this trend to the most marked extent and Madagascar

Basin samples show the trend to the lsast extent, showing more affinity
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with mid-ocean ridge samples. Samples from the mid-ccean zidge show a
rathor wider sproad of values for Co than for Ni end Zn and a few of the
mara Fo-poor samplos aro camparativoly Co-snriched. Nickel, Cu and Zn are
similarly depleted in both mid-acean ridge and gea—mount semples. Co on
the other hand shows different trénds in these two sub-groups. Cobalt

is much more enriched in sea-mount samples than mid-ocean ridge samples,

the latter snvironment favouring Fe-enrichment instead.

Lead - Fa — fn

Lead shows a very similar pattern te that displayed by Co (see
figure 23). Again, ocean basin samples show a marked trend of Mn
enrichment and arse progressively depleted in Pb and Feo. Some overlap of
mid—-ocean ridge and sea-mount samples occurs but as is tho case with Co
these two groups of samples exhibit diffaerent trends, mid-ocean ridge
samples being enriched in Fe whilst sea-mcunt samples displey mainly a

Pb enrichment, although showing a rather wide range of compositions.

Copper + Nickel — Fs = in

Sinco copper and nickel correlate woll togothor and ghow similar
trends, a further diagram was compiled using the sum of the copper and
nickel concentrations as one axis and Mn and Fe concentrations as the
gsacond and third. In this way it was hoped to see if further trends
‘became visible. The resulting diagram is given in figure 24. The most
noticeabls feature of this diagram is thse very small degrée of variation
shown by mid-ocean ridge samples which show a very uniform Cu + Ni
content. Sea—-mount samples show a greater compositional range with a
trend toward Fe—enrichment but still have fairly uniform low Cu + Ni

values. Ocean basin samples again show a marked trend of trace metal
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enrichmnent whilet kooping fairly uniform Mn values. Samples from the
various baeins within this group do not plot completely arbitvrarily
but show a rough trend of increasing Ni and Cu-—enrichmant which is
shown on the follouing pago.

The trend becomes very clear when the avorage value Tor each
basin, listed in Tabls 11, are plotted (see figure 25). This diagram
. also shows the very esmall range of #n values obsarved uhen thes averags
valuss from sach area aras considered. Only 2 groups of samples shouw
appreciably different Mn values, the extremely Fe~rich continantal
bordorland camplos and samples 7rem the Southern African Plateaux,

which appear to be slightly Mn-enriched.

Caobalt + Lead - Fo - Mn

Sincs Co and Pb corrslate well together and show similar trends
on their recspective scatter plots, a diagram was compiled using Co + Pb
as a third‘axis to ses if compositionzl trends became clearer. Howsver,
as can be.seen from figure 26, the trends observed are ths same as thoss
sgan when the two elements werse plotted separately. Tha averagse valuses
for esach phyciogrephic area plotted in figurse 27, in contrast to the

behaviour of MNi and Cu, do not show any clear trends.
(vi) GEOCHEMISTRY OF NORTH-WEST INDIAN OCEAN SAMPLES

In addition to the widoly spaced samples which form the basis of
the preceding discussion, intensive sampling was carried out in the
North-West Indian Ocean, and thus this area is considered separately.
Twelve ctaticns were occupied on sea-mounts in the North—Eact Somali
Basin and two were occupied on the Carlsherg Ridge. At some stations, the

material recovered was of more than one morphological type and the
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results of separate analysis of this material have already been

discussed.

Inter Element Associations

A corrslation matrix using log-transformed data was computed
for the samples analysed in order to investigateo element asgociations
in samples spscifically from volcanic snvironments and their possible
diffsrences from thoss obssrvad in samples from ths complete range of
snvironments discusssd earlier. The results are given in Tabls 12.
Unfortunately, ths small sample population available makes the matrix
of limited value and in fact vsery fsw correlations wers found which are
significant at tho 99% confidence level.

Interesstingly, Mn and Fe show no strong corrslations with any of
ths trace slements although Fs corrslates strongly nsgatively with Ca.
A strong positive correlation of Cu with Al occurs. This may largely bo
fortuitous, due to both slements corrslating positively with depth, for
diffeorent roasons. Howsver, it may also infer that whore total Cu
values are low, as they ars in this suite of samples, a significant
amount of this total may occur in the aluminosilicate phase rather than,
as would normally be oxpected, in ths authigonic oxido phase.

A strong positive correlation bstwssn Co and Pb occurs, and these
slements also correlate wsakly nsgatively with depth. Calcium, howsver,
correlates strongly negatively with depth. Nickel correlatss positively
with Co and shows no positive corrslation with Cu.

Thess correlations are in marksd contrast to the bshaviour of the
elements concerned in the total sample population collected ocean-wida.
A similar observation was mads by Glasby, Tooms & Howarth (1974) who
found an extrems non—-reproducibility of slement associations when they

split a largs sample population of nodules from ths North-West Indian
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Depth Mn Fe Co . Ni Cu Zn Pb Ca Al

Mn , « 3606

Minimum value significant at 953
Fo 517 . 407 confidence level = 0,412

Minimum value significant at 99%
Co =519 -+ 130 =094 confidence level = D0.558
) Sample population = 17

Cu 646 420 « 111 -, 505 .013
Zn . 397 « 275 « 326 - 117 « 381 . 336
Pb ~-.549 -.063 174 .B839 . 459 -.603 107
Ca -.710 - 376 -.811 .070 -.041 -.418 -.577 -.014
Al .698 .083 . 405 -,585 -, 249 . 755 « 313 -,B630 -, 641
TABLE 12 Correlation coefficients using log-transformed data for north-west Indian Ocean samples.
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Ocean into 11 small sub-populations. Thsy thersfore warned against

applying statistical technigues to limited population sub-szets.

Comnositional Variations

On the basis of their locations, the samplass obtained from ths

North-west Indian Ocean can be split into sevsral groups:-—

1. Somplas from tho Carlsbeorg Ridgn.

samplos SH13010(a) and (b), SH13030(a) and (b) - (4 samplos)

2. Sga-mount samples from various depth onvironments.

a. less than 1500m. Qatar dopth,

samples SH1315D, SH1318D, SH13200, SH1325D. - (4 samples)
b. bstwsen 1500m. and 2500m.,

samples SH13170, SH1317RC, SH13120, SH1322GC - (4 samples)
c. greater than 2500m. water dspth,

samples SH13070{(a) and (b), SH1323D, SH1323GC- (5 éamples)

SH13260.

The compositional variation of these sample groups, plotted
egainst depth, is shoun in figure 28. No marked trends in (Mn and fFe
values occur, although Fe is lower in the shallowest groups of samples
comparad to those from greater depths. As expected from its negative
correlation with depth, Ca shows a marked decreass in deeper water
samples, whilst Al increasss in deepsr water samples. Cobalt, Ni and Pb
all show decreases with dspth, but for Ni the decrease is very small.
Copper, on the other hand, increases with depth whlist Zn shous‘no
trend with depth.

The average composition of Carlcberg Ridge samples was also
plotted on tbe diagram, in order to assess whether metal values in

these samples simply reflect trends due to environmental changes
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associated with increass in depth or whether some other factor, such

as locally increased metal supply, has been operating. Zinc, Pb, Co, i,
Fe and Ca 211 shouw values in the ridge samples which compliment tho
trends with depth observed in the sca-mount samples, but Mn, Al and Cu
do not. Copper and Aluminium values are lower than expected whilst {n
values are slightly higherz.

In view of tﬁe variable Mn values normally observed in ridge and
soa-mount environmonts, and tho small numbor of oamples analysoed, this
increasse may not be significant, particularly when considercd against
the lower Al content of the ridge samples indicating the presence of
smaller amounts of diluting phases. However, the average lMn content of
Carlsberg Ridge samples (16.8%) and their average mn/Fa ratio (0.81)
are significantly higher than corresponding values for the whole of
the mid-ocean ridge (see Table 10) and this may indicate a locally
increased supply of Mn.

The behaviour of Cu in Carlsberg Ridge samples is difficult to
sxplain. If its decrsase in these samples, compared to the sea—-mount
trend, wers dus to a minmeralogical control, then a decroase in Ni
might also be sxpected, since these two slemsnts seem to corrslate
closely in this respect. Houwever, as already observed in the present
suits of samples, Cu and Ni do not behave similarly at all. This
difference may be dus to some local factor influencing the availability
of thess two elements to a different extent, causing a fractionation of
one relative to the other.

Compared to their concentrations in normal sea-water, Cu and Ni
are considerably enriched in many marine organisms (Nicholls et al, 1559;
Fujita, 1971; Greenslate et al, 1973; Leatherland et al, 1973). However,
as gome of these authors show, Cu is considerably more enriched in many
of these organisms than is Ni, In areas of high biological productivity

therefore, the upper part of the water column may sxhibit rather lower
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/Ni ratios than sea-water in areas of lowsr productivity, the
balance only bzsing redressed in sucih areas at depths below ths
lysocline when substantial dissolution of the dead organisms begins
to occur. No detailed studies of biological productivity have been
carried out in tha small arveas of the North-West Indian Ocean being
considered, although as can be seen from figuze 7, some variations
are known to occur. This mechanism cannot therefore be advanced as
causing the observed variations in Cu content of the samples from the
ridge compared with those from sea-mounts. However, this mechanism
doss halp to explain the marked fractionation of Ni from Cu, observed
in shallow waler samples from this and other areas in genseral. As can
be sean from figure 28 and Table 10, Cu valuss in shallow water samples
are up to an order of magnitude lower than Ni values in the same
sanples. By contrast, nodules enriched in Ni and Cu from depths well
Eelou the lysocline, contain almost as much Cu as Ni. This has also becn
shown to be the cass by Bezrukov and Andrushchenko (1973) and also occurs
in the Pacific Ocean (Cronan, 1972; Horn et al, 1973). Thus marine
organisms may take up sufficient Cu to cause its depletion in shallow
water samples, compared to Mi, and provide an enhancaed supply of Cu

below the lysocline when the organiems sink and dissolve upon death.



SECTION 6

BULK GEOCHEMISTRY OF SEDIMENTS

(i) INTRODUCTION

At many of the sampling stations from which the nodules analysec
in this study were recoversd, sediment samples wers also obtained. In
some cases the sediment samples came from a separate coring operation
at the same site as that Trom which nodules had been rescovered oy a
different sampling technique. In many casses howsver, the sediment was
recovered in the same operation as that which produced the nodules and
in two cases sediment actually in contact with a nodule was obtained.
At some sites only sediment was rascovered but since no bottom photographs
were taken at most of these stations it is not possible to say whether
there woere in fact no nodules at that locelity or whether the sampling
tschniques employed simply failed to rscover nodules. Most of the samples
analysed were surface sediments, but six samples wers of sedimant
associated with buried nodules. The distribution of the 37 stations 7rom
which surface sediment was analysed is shouwn in figure 29. From this
diagram it can be seen that, apart from a dstailed traverse in the
Madagascar Basin and one in the Central Indian Basin, regional doverage

of the Indian Ocean is poor.
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The sediment samples were analysed for Mn, Fe, Co, Ni, Cu, Zn, Pb,
Ca, Al and in some cases Cd, Cr and Ti alsc, by atomic absorption
spectrophotometry. Details of the analytical procedures adopted are given
in Appendix 1, No attempt was made to remove interstitial solids prior to
analysis by washing with distilled water since these were regarded as
being an integral part of the sediment, as arqued by Goldberg and

‘Arrhenius (1558) and Wangersky (1967).
(ii) SEDIMENT TYPE

As might be expected in view of their very wide distribution, the
sediment samples cbtalnod were very varied in type. Seven samples
contained more than 30% calcium carbonate and these were tharefore classed
as carbonate sediments. A further eleven samples, containing between 10%
and 30% calcium carbonate, were regarded as clay-carbonntns, whilst thn
remaining samples were classed as non—carbonate scodiments, aithor of rod-
clay or siljceous type. These non-carbonate sediments came from groater
average depths (5089m.) than carbonates sodimonts (3918m.), whilst the clay-
carbonate sediments, apart from one continental margin sample cams from
depths intermediate betwesn these two values (4129m.).

The low sampling, density precludes a reasonable appraisal of
sediment types in the different basins, however some generalisations can be
made. A red-brown pelagic clay was the typical sediment obtained from
pelagic areas below the carbonate compensation depth. Samples from the
Wharton Basin and parts of the Madagascar Basin were of this type. In the
latter basin, several samples were recoversd which contained more than 10%
carbonate.‘These were all from depths of less than about 4500m. The two
samples from the southern Crozet Basin, whilst coming from depths in
excess of 4700m., were also fairly carbonate-rich compared to samples from
gimilar depths in other areas. These samples, however, came from latitudes

characterised by a depression of the lysocline and the carbonate
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compensation depth (ses figure 9) and in fact came from de
the compensation depth.

Sediments from shallower depthz, in both polagic and marginal area:z,
were generally ricnh in carbonate. Samples from the lfogambique Channel,
from an average depth of 2870m., averaged over 60% calcium carbonate
.whilst samples from the Carlsberg Ridge and Scmali Basin sea-mounts
(average depth 4400m.) averaged S0% carbonate. All these sediments wers
essentially foraminifera-rich carbona?e oo0zes.

Most samples from the Central Indian Basin were f{rom depths in
excess of 5000m. and wsre thus below the carbonate compensation depth in
that regioﬁ (see figure 9). These samples were siliceous oozes consisting
predominantly of diatoms, radiolarians and other siliceous biogenic débris
together with smaller, variables amounts of fine clays and, occasionally,

micronodules.

(iii) GEDCHEMISTRY

(a) Treatment of data

As already discussed, the amount of carbonate in the sediments
analysed varied g;eatly. Since this can be regarded essentlally as a
diluting phase in marine sediments, in order to examina geochemical
variations of importance in regard to the present study all bulk sediment
compositions wers re—calculated on a carbonate-free basis using tnc method
of Dymond et al (1976). This method involves the solving of the following

eguation:

(See following page)
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Eguation: CaT = CaSS - CaNN + CaCC - 1.
wheres-  Ca. = weight ©2 Ca in total sample.
Cas = u "o 4 galt fraction (=1.14% for sea—salt).
CaN = H " " in non—carbonate fraction.
Ca. = mmon o3in CaCO, (=40.04%).
£ 3
S = " fraction of salt in the semple.
N = " " of- non—carbonate phases.
C = " " of CaCO, in the sample.

3

Since by definition the sediment must be composed entirely of salt,

carbonate and non-carbonate fractions then,
S+ N+C=1 -2.

This can be substituted in Equation 1 along with the valuss fTor Ca_end

CaN given above, giving

Ca.. = 1.14S + Ca, — Ca, S - Ca,C + 40.04C ——~ 3.
i il N N
The amount aof Ca in the non-carbonate phase was determined from
the selective chemical attack work discussed in Section 7. This gives a
value Tor Cam. The average salt content of the samples was determined by
i

measuring the weight loss after washing with de-ionised watcr. This giv

0

S

{s}

a value for S. CaT was measured by atomic absorntion spectrophotometry vor

ubstituted in

0
6]

gach of the samples, and the valuss of Ca S, and CaT

N’

Equation 3 enable C to be calculated for each sample. Once the weight &

of CaCD3 in the sample had besen obtained this value was then used to re-

calculate the composition of the sadiment on a carbonate-free basis in ths
normal way. As stated by Dymond ct al (197G), the accuracy of this wothod
becames poorer at louwer concencrations of CaCD3 but at the same time this

becomes less important because of the much louer correcticn factor which

necds to be applied to the bulk scdimen< campositicn.
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(b) Comparison of composition of sediment in contact with nodule and

additional sediment from same horizon

At two sampling sites, one in the Crozst Basin,cne in the Central
Indian Basin, sediment was obtained which was actually adhering to a
_nodule and in addition a separate sediment sample was cbtainsd from the
same horizon. The results of analysis of these sediments are given in
Table 13.

As can be sesn from Table 13, the sediment in contact with nodule
sample 94KH, compared with additional sediment from the same horizon,
shows only small differences in composition. For all elements except Co
and Pb the differences were within the limits of analytical precision and
even Co and Pb showed differences which were littls higher than this limict.
Thus there appeared to be no siénificant difference in composition botuecn
the two sediment samploes.

In contrast to this bohaviour, sediment adhoring to samszle RC11/101
was significantly depleted in Mn, fFe, Co, Ni, Cu, Zn and Pb comparcd o
other surface sadiment. In this case ths Ferromanganése—oxida samnple was
only a thin coating and was particularly low in Mn and trace mctals,
moreover this sample was a surface sample whereas the nodule rom station
94KH was from 1.5 meires down a core. The fact.that the nodule samples are
very different in morphology and composition and wers not from similar
sediment horizons makes compariscns between the two very difficult.
However it can be said that ths ferromanganese sample from the sediment
surface, which might thersfors be assumed to have been accreting when
recovered , nad sediment adhering to it which was appreciably lower in [n,
Fe and trace metal content than surface sediment Turther removad Trom the
ferromangansse—oxidse sample. On the other hand, the nodule sampls 94KH,
which was buried énd therefore may not have been accreting at the time of

recovery, had sediment adhering to it which was of similar composition to



SAMPLE Mn Fe Co Ni Cu n Pb Ca Al Ccd Cr Ti CaCO3

y % PePeMe PePeMe PoPefs  PePeMe  PoPam, pe o PePeMe  PopP.Me  Popeis %

RC11/101 = top sediment 486 4,74 63 110 125 195 92 10.2 4.84 - - - 24

RC11/101 -~ adhering . 337 3.99 55 82 95 120 55 8.97 4.16 - - - 21
sediment

RC11/101 - Fe = In 417 9.82 125 190 170 175 185 1.32 4.06 - - - -
coating

Q4KH - sedinsnt . 850 2,86 72 287 375 105 55 0.50 4.53 5 80 2210 0
145 -~ 159cm.

94KH - adhering .848 2.81 85 282 382 116 65 0.55 4.63 6 20 2420 0

sediment
94KH - buried nodule 18.7 6.54 600 7990 8320 775 460 1.33 3.59 17 110 7020 -
TABLE 13 Comparison of composzition of sediments asscciated with ferromangansse--oxide deposits
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other sodiment within the core from tho same depth. The possibility that
accreting ferromanganese-oxides may preferentially incofporates trace
metals from their immediatesurroundings thereby depleting the trace

metal content of clossly associated sediment cannot be realistically
evaluated using only the two samples available. However suci a process is
indicated by the results obtained and the theory is one which is psrnaps

worthy of more detailed future study.

(c) Comparison of composition of surface sediment with sediment from depth

At four stations, sediment from depth within a core was obtained, in
addition to a surface sediment sample. In three of these casss, tha buried
sediment was from the same depth as a buried manganese nodu le. In tho
fourth case, the sediment from depth was from a layer which was noticeably
different to the surface sediment, was rich in manganese micronodules but
contained no macronodules. Tho compositicns of those sediments together
with that of asscciatod nodules, where prosent, aroc given in Table 14.

At station RC14/49, tho secdiment from two motres depth was
appreciably higher in Mn, Fe, Co, Ni, Cu, Zn, Ca and Al. At station V15/80,
nc surface sodiment was obtained but samples from tuwo different depths
60cm. apart were teken. In this case also, sediment from lower douwn the
core was enriched in Mn, Co, Ni and Cu but Pb, Ca and Al showed no
significant chango. Exceptionally high Zn values wero obsorved in nodule
and sediment samples Trom this core and these may be dues to contamination
because samples from this source (Lamont-Doherty Geological Observatory)
are known to have been stored in Zn-rich contziners. This precludes any
examination of tho behaviour of Zn in this core. According to the
calculations of Bonder and Schultz (1969) the levelsof Zn present in these
samples, if due solely to contamination, infer that up to half of the Fe

content of the samples may also be due to contamination. Thus the behaviour



RC14/49 surface sadiment
RC14/49 sediment — 200cm.
RC14/49 surface nodule

RC14/49 nodule - 200cm.

V16/80 sediment - 70cm.
V16/80 sediment — 130cm.
V16/80 nodule - 70cm.

V16/80 nodule ~ 130cm.

B4GK sediment O — 8ecm.
84GK sediment 8 - 10cm.
S4KH surfacs sediment

94Kl sediment -~ 145cm,

TABLE 14

Mn Fe Co Ni Cu Zn Pb Ca

4 4 PepeMe P.peM. P.p.fle P.pPeM. pPop.m. %
<419 2,49 49 126 189 108 69 0.90
452 3.73 66 171 250 275 56 1.42
19.8 11.8 1200 7070 5080 1010 1100 1.56
17.3 13.1 1620 4120 3200 615 1220 1.32
525 10.2 102 127 270 6370 82 1.20
.796  8.51 125 204 320 6080 85  1.10
12.9 20.5 2500 1780 1330 10400 1220 1.07
12,4 19.4 2640 1610 1370 9270 1210 1.35
1.96 3.92 109 1200 10580 240 71 4,14
5.93 5.02 189 3830 3180 545 102 3.1
. 833 2.790 75 245 450 200 85 0.62
. 8549 2.86 72 287 375 105 55 0.80

Composition of sodiments from different hirizons at the szans
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of Fe in this core cannot be examined either.

The variation in composition of sediment from cores RC14/49 and
V16/80 is especially interesting when compared with the composition of
nodules associated with these sediments. At station RC14/49 the nodule
from 2m. depth is depleted in Ni, Cu, Zn and to a lessor extent iin,
compared with the surface nodule. This trend is the opposite of that
aobserved in the sediment samples from the same horizons, but the Co
content of the buried nodules is higher than that of the surface nodule
and this trend is the same as that observed in the associated sediments.

No marked trends occur in the samples from station V16/80 but Mn, Co and
Cu do show a small increase in sediment from greater depth whilst showing
no significant change in the nodules.

At station Rc14/49, the lower Mn, Ni, Cu and Zn content of the
buried nodule compared with the surface nodule may be due to a releass
of these elements by partial dissolution of the Mn phase in comparatively
reducing conditions. Houwever, a more feasible explanation for the chemical
differences is simply that the buried nodule accreted at the sediment-
water interface under different environmental conditions to those under
which the present surface nodule has accreted, or may even have accreted
within the sediment. The higher Mn, Fe, Co, Ni, Cu and Zn content of the
buried sediment may be due to the presence of larger amounts of traco-motal-
rich clays, as suggested by the higher Al content, comparcd with the surface
sediment. This is likely to have been caused by a change in sedimentary
conditions and thus this explanation ties in with that suggested to explain
the differences in the composition of the nodules from the two horizons,

If this theory is applied to samples from station V16/80 it would
seem that environmental conditions affecting nodule composition were
essentially the same when both nodules wers accreting. The differences in
sediment composition infer some differences in conditions but ths Al

content of both samples is similar, and the clay content of both samples is
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therefore likely to be similar. The higher fn, Co, Ni and Cu content of

the desper sediment may be due to the presence of microncdules in

slightly larger amounts than in the upper sediments.

’ Since no nodules were recovered from stations B4GK and S4KH only a
simple comparison of buried and surface sediment could be carried cut &t
these sites., At station 84GK there was a thin layer of sediment 8 to 10cm.
from the top of the core which was of noticeably darker colour than that
above and which was therefore analysed separately. Sediment from this

layer contained about 3 times as much Mn, Ni and Cu as surface secdiment
whilst being particularly deplsted in Cr. Microscopic examination of ths
buried sediment layer showsd the presence of much more abundant micro-
nodules than in the surfacs sediment, and this would account for the

higher Mn, Ni and Cu content and perhaps the lower Cr content also by
dilution. Howsver, the lower Cr content of the buried layer may be a result
of a lower volcanic contribution to this sediment since Goldberg znZ
Arrhenius (1958) and E1 Wakeel and Riley (1961) have found that in pelagic
sediments Cr is often enriched in volcanically derived material and

Kennstt and Thunsll (1975) have shown that volcanism has increased globally
in the Quaternary Period.

The two sediment samples from station 94KH do not show marked
compasitional differences and are essentially similar in Mn, Fe, Co, !l, Cu,
Ca, Al, Cd, Cr and Ti contont. The buried samplc does exhibit lower Zn nd
Pb values however. It is zpparent from the shipboard log taken at station
94KH that some mixing of surface and sub-surface sediment occurred when the
sample was being taken. If surface sediment did bscome mixed in this way
its composition may have been significantly altered and this precludes any
worthwhile comparisdn of the two samples from this station.

An insufficient number of samples of the same type were available to
investigate thoroughly the relationships betwesn surface and buried nodules

and accompanying sediment, howsver such a study might be worthy of futurs



investigation.

(d) Inter-Element associations

The problem of investigating corrclations between variables in closed
systems and where not all variables show the same statistical distribution
was discussed in Section 5(iii). A further constraint on the usefulness of
correlation coefficients is sample population; small numbers of sampleos ar:
particularly prone to producing anomalous correlations because of sampling
bias. Bearing these considerations in mind, correlation coefficients using
both normal and log-transformed data were calculated using the method
described in Section 5 and anly those correlations which were significant
at the 99% confidence level were regarded as meaningful. The correlation
matrices are given in Table 15.

At the 99% confidence level most significant correlaticns ar: very
similar, using both normal and log-transformed data. As might be ecxpectoc,
in visw of their concentration in manganese micronodules Co, Ni, Cu and Zn
correlate strongly positively with Mn, the correlation being par%icu]arly
strong for Ni and Cu. No other element shows significant correlation with
fin. Even Fes doss not corrslate significantly with Mn. This is in contrast
with the findings of Bender and Schultz (1969) who showed that sediments
along a traverse in the southern Indian Ocean which wers highest in fin wers
also highest in Fs. In this study Fs was found to correlats strongly
positively only with Al and Ti. This probably reflects the presence of
abundant Fe in volcanically-derived material (Ti-rich) and Fe-bearing
clay minsrals (Al-rich). Cadmium and chromium show weak positive corrslatio:
with Fe using log-transformed data, but not using normal data, this indicat.
a substantial differsnce in the statistical distributicn of thcoza elements

about their mean valuss. The positivo correlation agrees with tha fact that

these elements, mors particularly Cr, tend to be enriched in basaltic cnd



Depth
fin
Fe
Co
Ni
Cu
Zn
Pb
Ca
Al
cd
Cr

Ti

Depth Mn
311

.024
-,013 057
[‘—.334 .583
:.037 .973
. 126 .917
.073 540
-.490 P__.251
—~. 666 -~,065
-~.088 B ~.182
-.483 ~,165
~.059_ d .042
-, 319 ~.287

TABLE 15

Fe Co Ni Cu in Pb Ca Al Cd Cr Ti
-.023 -.179 -.020 | .336 .089 | -,402 -.516 | -.093 |[-,540| ~,079 =-,277
214 .579 . 831 .803 .510 151 | -.332 | -,125 ;.330 -.088 ~,145
. 378 ' .149 .;32 . 316 .045  ~,256 .697 .483 «511 . 607
154 L_:708 537 . 450 » 735 267 .078 . 133 .293 .178
.036 . 538 .821 »565 .408 | -,006 -,131 =,193 =.,042 =,145
.046 341 __t;SS__ ”'“l 474 .156  -.250 =-,185 ~,310 =-.131 --.285
.189 <427 . 558 L4?7 ] . 452 .034 123 «325 221 .086
~.115 .043 .255 ,063 « 322 2345 | ~,011 578 «296 127
-.082 » 531 .004 -.160 . 103 «413 -.159 . 449 .280 ~,100
|w.642 -.071 ~.151 =.140 .040 -,136 . 020 .499 176 .708
«375 «219 -,115 =,150 «336 .642 .509 .51éh+ __1___.575 449
«271 224 .031 .050 « 347 «296 LA71 =074 -,040 -“m.1d7
[;:FBQ ‘ .067 -,253 =,300 -.072 .008 «263 [_:660 .383  --.028
NORIMAL

Correlation cosfficients in Indian Ocean sedimenta (Correlation significant at 99%
confidencs level are boxod)e Number of samples used to correlats matrix = 51 (28 for Cd, Cr & Ti)
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detrital materizl. Aluminium shouws no correlations, othoo than with CZd

and Ti, which are significanf at the 39% confidence level for both data
sets. The correlation of Al with Ti reflects the presence of comoaratively
large amounts of these elements in detrital phascs in sediments {Horouitz,
1974) whilst that of Cd with Al suaggests that Cd in sediments nmay be
present predominantly in detrital, aluminosilicate phascs.

As might be expected in view of the increasing solubility of calcium
carbonate with degth in the oceans, Ca cofrolates strongly necgatively with
depth. The only other significant correlations of Ca are small positive
correlations with Pb and Cd. These slements both suvfer from very strong
interference effects from Ca when determined by atcmic absorption
spectrophotometry, thus in carbonato-rich sediments,spuriously hich valucs
of these metals are obtained. & correction procedure for this effect uas
used and is described in Appendix 1, however at the low levels atT uhich

Cd and Pb occur in the samples, inaccuracies in this correction cannot be

9]

ruled out.

®
o

Several workers, (Nicholls et al, 1953; Fujita, 1971; Leatherland
al, 1973) have shouwn that many carbonate organisms have the ability o
concentrate various heavy metals, including Cd and Pb, whilst Turekian and
imbrie (1966), Aston et al (1972) and Horowitz (1974) state that significant
amounts of Pb and Cd are actually incorporated in the carbonate lattice of
some marine organisms in the Atlantic Ocean. More recently, Horder (pers.
comm.) has found high Cd and Pb values in the carbonate phase of Indian
Ocean sediments. There is thus substantial evidence to show that Cd and Pb
are enriched in calcium carbonate-rich sediments, perhaps becauss of thso
ability of these heavy metals with large ionic radii to substitute for the

& ion in the carbonate lattice,

similarly-sized Ca
The trace metals Cao, Ni, Cu, Zn and Pb all show some degree of positive

correlation with each other, in coatrast to their behaviour in nodules.
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However as in nodules, particularly strong positive correlations exist
between Ni and Cu and between Co and Pb., These correlations may be
explained by the elements Cu, Ni, Co and Pb being associated together
primarily in an authigenic Mn phase. By contrast, the association between
Cd, Cr and Ti may .be due to their being associated with an Al-rich detrital
phase. Lead appears to show some association with calcium carbonate,
although its strong positive correlation with Co suggests that it may also
be incorporated to some extent in the authigenic Mn phase.

Correlation coefficients can only provide a general guide to element
behaviour in marine sediments. In order to investigate more fully the ways
in which the major and trace elements are incorporated into sediments, many
of the samples were subjected to selective chemical attacks, a full account

of the results of this procedure is given in Section 7.

(e) Reaional cgeochemistry of surface sediments

Of the 50 sediment samples analysed, 37 were surface sediment samples
from different sites throughout the Indian Ocean. The distribution of these
sites however, is not uniform (see figure 29), a larger percentage of stations
being in the western Indian Ocean than in the sast. Because of this it was
not possible to make a detailed assessment of inter-basin variations in
surface sediment compositions. However, from the data plotted in figures 30
to 38 and summarised in Table 16 it is possible to draw some genéral
conclusicns.

From figures 30 and 31 it can be seen that Mn is highest in eastern
arsas of the Indian Ocean (i.e. sast of the active ridge system) although
some high mn values occur in the Madagascar Basin. By contrast, Fe is higher
in sediments from the south-western part of the ocean. The highest averaqges
Mn values occur in the Central Indian Basin where Fe is at its lowest. Iron

is highest in the Crozet and Madagascar Basins where #n is only intermediate



TABLE 16, Average composition of surface sediments from
————— different physiographic regions of the Indian Gcean
1. 2. 3. 4, 5. b. 7. 8. 9.
An 8080 2350 5360 1610 1060 6530 4460 7170 1160
p.p.m.
Fe 3.1 6.69 6.76 4,43 4,50 3.80 6.22 3.30 4,45
%
Co 87 75 115 46 39 90 110 80 55
pD.p.Mm,
Ni 365 105 230 125 150 260 210 310 130
p.p.m.
Cu 390 170 205 130 100 255 210 330 95
DepeMm.
Zn 170 175 170 175 145 135 175 160 125
DeDeM,
Pb 65 100 8s 55 105 80 95 70 75
p.p.m.
Calo o 28 15 g 65 1 20 o 35
v 3
7
Al 4,50 4,95 6.55 7.45  3.55 6.40 7.60 5.0 7.85
%
Cd S - 3 - - - - = =
plp.m.
Cr 60 - 155 - - - - - -
PDePaM,
Ti 2870 - 6140 - - - - - -
pe.pem,
Water 5034 4775 4864 4453 2825 5368 4780 5125  II7%
depth
(m.)
No. of 8 3 13 3 5 S 22 11 5
samples
1. Central Indian Basin 6. Wharton Easin
2. Crozet Basin 7. Western Indian Ocean
3. Madagascar Basin 8. Eastern Indian Ocean
4. Mogambique Basin 9. Marginal Ocean Areas
5.

Mogambique Channel
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on average. Manganese and iron therefors tend to exhibit some similar
trends in surface sediments to those observed in ferromanganese-oxides.
In gsneral, the behaviaour of Fe observed in the present study agrees well
with that observed by Bostrom and Fisher (1971) who found that Fe was
highest in the southern and western regions of the Indian Ocean.

The variations in the trace metal content of sediments are much less
marked than those observed in nodules. However significant differences do
occur betwssn westsrn and eastern regions of the ocean. Nickel and Cu
tend to be highest in the eastern Indian Ocean whilst Co, Zn and Pb are
highest in the western Indian Ocean. With the exception of Zn, this pattern
is very similar to that observed in nodules. Zinc correlates negatively
with Co and Pb in nodules but positively with these elements in sediments.
No simple geochemical evidence can be put forward to account for this
difference in behaviour. The trays used to store some of tho sediments
analysed in this investigation are known to bs potential sources of Zn
contamination (Bender & Schultz, 1969). Although samples which were
obviously ﬁontaminated in this way were not considered in this regional
survey, it was not possible to pick out samples which may possess small
amounts of contamination. The regional variation observed for Zn and the
correlation coefficients of this elsment with other elements should
therefors be disregarded.

Aluminium in sediments provides a good indication of their alumino-
silicate (i.s. clay mineral) content.On this basis, western Indian Ocean
sediments, onaverage, contain a greatsr abundance of clay minerals than
thase from the sastern Indian Ocean. The carbonate content of western
Ingian Ocean sedimonts is much highor, on average, than that of rastern
Indian Ocean scdimonts. Analysig for silica was not carried out, but
microscopic sxamination of the sedimonts rovealed theo preeence of much
greater amounts of siliceous biogenic débris in many ocastorn Indian Ocean

sediments compared with those from the west. Thus the amount and type of
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biogenic débris and detrital material supplied to western and eastern
Indian Ocean sediments appears to be rather different and accounts for
their variability in Ca, Al and Si.

Five sediment samples were obtained from marginal areas of the
western Indian Ocean, from the Mogpambique Channel area, and these have
an average composition which is significantly different from other western
Indian Ocean sediments. Thess marginal sedimente are particularly low in Un
and are also lower in Fe than western Indian Ocean sediments although Fe
values in these marginal sediments are higher than in sediments from the
pastern part of the ocean. Cobalt, nickel, copper and to a lesser extent
Pb and Zn ars also rather lowsr in the marginal sediments than in sediments
from other parts of the western Indian Ocesan. This pattern does not generally
agres with that obssrved in nodules from this region. Thess marginal sediments
are particularly high in carbonate, being mainly from depths well above the
carbonate compensation depth, their Al content however is similar to that of
other western Indian Ocean ssdiments.

In the Madagascar and Central Indian Basins more sxtsnsive sampling was
undertaken along traverses and this enables the geochemical variations in

sediment composition across these basins to be sxamined.

Regional compositional variation of Madagascar Basirn sediments

The sampling traverse carried out in.the Madagascar Basin is shown in
figure 49. The variation in the bulk carbonate-free compositiocn of the
sediments along the traverse is given in figurs 39. Iron shows a gradual but
slight increase from the south-wost to the nmorthorn cnd of the travoraoe. Oy
contrast, Mn which is guits high across much of the basin drops off markedly
in the north. Calcium is high in the sediments at each ond of the traversc
but is low in the carbonate-free sediments of ths central area., Aluminium

shows no marked trend across the basin but Ti, with the exception of sample
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FIGURE 39 Compozitional variatione in Madagascar Basin
surface sediments,
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34GBD gradually increases towards the northern end of the traverse., Of
the trace metals, Cr shows a marked increase in sediments from the
northern part of ths basin although it is also fairly high in tuwo
sediment samples from the southern part of the traverse. The particularly
high Ti and Cr valuegs in swsdiments from the northormn part of the basin
provide evidence of appreciable supply of volcanogenic material to ths
sediments of this area, probably from the Mauritius~Réunion voleanic
province to the north.

The trace metals Co, Ni, Cu and Pb tend to chow littlec overall
variation across the basin. Although Cu is generally slightly lower in
the Mn-poor sediments of the northern part of the traverse Co, Ni and Pb
show no noticeable fall in concentration. Any trends in the variation of
Zn across the basin are obscured by the fact that at least 3 samples
showed anomalously high Zn ualués. Cadmium values in the sediments arc
generally very low and bearing in mind the low analytical precision
obtainad at these levals no trends in Cd values across ths basin wero

identified.

Regional compositional variations of Centrel Indian Basin sodiments

Six surface sedimsnt samples were collected from the Central Indian
Basin along a traverse perpendicular to the Central Indian Ocean ridge
system (see figure 50).

O0f the major elements, Fe shows little systematic change across the
basin although it is highest in the sample from the western end of the
traverse (see figure 40). Manganese on the other hand shows a marked
decrease from west to east along the traverse. 0f the major elemsnts, Al
shows a definite increase ‘owards the eastern end of the traversc whilst
Ca is low in the central part of the traverse and higher at either end,

particularly in the west. Ti and Pb show no definite trend. The trace

I



FIGURE 40 Compositional variations in Central Indian Basin
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metals Co, Ni and Cu show a fairly marked decreass towerde the cerntral
part of the basin, which is the pastern end of the traverse. These
metals cthus exhibit a pattern which closely resembles that of fn, in
contrast to their benhaviour in Madagascar Basin sediments. Cr, uwhilst
showing a decrease from west to sast does not fsll off as markedly as do
Co, Mi and Cu. Zinc shows an initial decrease in concentration eastuwargds
but increases again at the castern end of the traverss. Cadmium shows no
distinct patiern of variation across the bzsin and as in the Madagascar
Basin, values are so low as to be near the detection limit.

Littlé work has been published on the regional comgositional
variation of Indian Ocean sediments. Cronan (1967) analysed 12 sediment
samples from tha Indian Ocean but decided that this was an insuf.icient
number to investigate regional variations in composition. Cronan {op. cit.)

~
'

L2}

found no significant variations in M and Fe concentration betwocn easte
and western Indien Ocean sediments but did find that MNi and Cu were higher
in sediments from the east. Both Cronan (1967) and Bender & Schultz (1963)
found that Mn was much lower in sediments from near the contincnts then
from pelagic areas, this agrees well with the deta prasented here.
Furthermore, Bender & Schultz (1969) found higher [In, Co, Hi gnd Cu

concentrations in eastern Indian Ocean sediments than thoss from thc wast.

The findings of this study ars in general agresment with those of Dander &

Schultz although the behaviour of Fe and Co was found to bo ths reverse of

that observed by these authors.
(iv) NODULE -~ SEDIMENT INTERRELATIONSHIPS

Since manganese nodules  and their associated sedimenis ars
acecumulating under similar environmental conditicns, scms corrceslation
bstween their chemical compositions might be expected. MHowaver, Skornyakova

(1968), Cronan & Tooms (1969) and Price & Calyert (1970) found 1i
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or nao correlation betwsen the Mn, Fe and trace metal content of Pacific
Ocean manganese nodules and the values of these metals in the associztsed
bulk sediment. Since a study of this type had not previously bean under—
-taken in the Indian Ocean, it was decided to investigate the problem by
plotting values of in, Fe, Co Ni and Cu in nodules against the concantration
of these metals in the associated sediments. The resulting graphs ares shoun
in figu;es 41 to 45, As can be seen from these granhs, there appears to be
no real relationship between the velues of Mn, Ni or Cu in bulk sedimcnts
end the corrosponding value in the associated nodule. Thorn doos sppoar to
be a faint correlation for Fe, and more espccially {ar Co but in both crceg
several samples do not follow the trend at all. Cronan and Tooms (1965) also
found some correlation between the Fe contents of nodules and sedimentz in
the Pacific Ocean but they found no similar correlations for Co. Tho lack of
correlation betwzen Mn, Ni and ﬁu concentrations in noduleos and ascocicted
sediments has also been noted by mevious workers in the Pacific Ocaan
(Skornyakova, 1965:; Cronan and Tooms, 1969; Price and Calvert, 1970). The
lack of correlation between the Mn content of nodules and associated sediment

is further shown by the large variation in the fn

ratio

nodule/“nsediment

when this is expressed separately Tor each of the areas of the Indian Occan

from which samples were obtained (ses Table 17). By contraest, the feo /

Fesedimen* ratio is very constant., This constent ratic is rather different
("

to the behaviour of Fe in the Pacific Ocean where signiTicant variaiicnc

1

have been observed, although not as marked as those of Fn (Skornyalkova, 1565;

J

Q

Price and Calvert, 1970). A contributing factor to the lack of variatinn

/Fo

‘sediment

-

the Fenodu‘e ration in the Indian Ocrnan,houcver, may be that the

w

samples investigated were {rom a more limited range of environments than samples
investigated in the Pacific Oceon. The difference in the behaviour of Min and

oo throunhout thn Indian Ocoan can probably bo oxplained in Leves of Bh

greater mobility of Mn compared to Fe in the marine enviornment (Krauskoo?,

1957).,
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Mn nodulse Fe nodule
REGION

Mn sedimsnt Fe sediment
CENTRAL INOIAN BASIN 24 2.9
MADAGASCAR BASIN 24 2.4
WHARTON BASIN 28 3.0
CROZET BASIN 57 2,2
MOCAMBIOUE BASIN 72 2.9
MOCAMBINUE CHANNEL 122 5.2

TABLE 17

Average sediment
thickness (m.)

100
150
200
300
753

1,500

Average ln contant
of sediment (p.p.m.)

8080

5360

2350
1610

1050

Average Mn cantent

of nodules ()

22.1
12.6
15.1
12.8

1.5

Comparisan of metal ratios in nodules and szdiments and averages sediment thicknesses in
different physiographic regions af the Indizn Oceen.
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From Table 17, it can be seen that there is a close correclation
between the avarage thickness of underlying unconsolidated sediment in an
/n

can clso be seen that sediment thickness correlates negatively with the [n

area and the average [n ratio of that area. Howevnr, it
a

nodule sediment

content of sediments and that areas of thick sedimentary accumulations are
not characterised by particularly Fn-rich nodules. It is therefore simply
the low Mn content of sediments in areas of rapidly accumulating sedimente

which causes high [Mn ratios. If much of the [n in gediments

nodule’ Msedinent
is assumed to bs present as authigenically precipitated [in oxide material
and to precipitate out onto the sea-floor at a fairly uniform rate, then an
increase in the total sedimentation rate would simply have the effect of
diluting this Mn oxide phase and lowering the total Mn content of the
sediment. This is in fact found to be the case. Thus the correlation of

/M

with sedimentation rates, can be explained without recourse to diagenetic

ratios with sediment thickness and therefore, indirectly,

M odule’ Mgediment

remobilisation of.Mn which was suggested by Price and Calvert (1970) as an
explanation for Mn enrichment in Pacific Ocean nodulos.

Figures 41 to 45 sghow the co-variance of the olements fMn, v, Co, NI
and Cu in nodules and associated sediments. The observation that there is no
co-variance at all for Mn, Ni and Cu might be expected in view of the
differences in the phases present in the two sample types. Nodules consist
essentially of an authigenic-oxide phase containing the majority of the. lin,
Fe and most trace metals, and a diluting, predominantly aluminosilicate
phase. By contrast, sediments can contain a wide varisty of phases of whic
an authigenic oxide phase is just one. As in nodules, the authigenic oxide
‘phase of sediments is likely to be enriched in Mn, Fe and trace metals but
since this phase may be diluted by greatly varying amounté of different
phases, the overall bulk composition of the sediments, even expressed on a
carbonate~free basis, may not bear much relationship to the bulk compositicn

of associated nodules. Thus total Mn, Fe and trace metal values in sediments



and nodules need show little co~variance even i1f the compositions of tihe
relative authigenic phases are related to some extent.

In view of the above conclusions the problem then arisss of uwhy fe,
and more particularly Co, do show some degree of co-variance. The anomalous
behaviour of these elements may arise from the fact that in enly a emzll
number of cases were nodule and sediment samples recovercd at the same
site, therefore the data presented in figures 42 and 43 may represent a
biased small sub-population of the total nodule and sediment data. A
satisfactory explanation of the bohaviour of Co and Fe however cannot be
produced on the basis of the limited data available in this invogtigation
and must await further work.

In view of the variation in the relative proportions of different
phases present in sediments, a more profitable approach to the problem of
nodules—-sediment intarelationships might be to consider the composition of
a particular fraction of sediments and compare this with the composition of
the corresponding fraction in associated nodules. Calvert and Price (1976)
examined the composition of the oxide fraction of nodules and the associated
sediment in Pacific Ocean samples. However, they established the composition
of the oxide fraction of nodules not by direct chemical means but by
subtracting from the bulk composition an estimated contribution of each
element from the diluting aluminosilicate phase. The composition of the
aluminosilicate phase was assumed to be similar to that of the corresponding
phase in the associated sediment. Furthermore, thase authors plot their
data in such a way that a direct comparison cannot bs made between the
behaviour of an element in the nodule samples and the behaviour of the sams
element in the associated sediments. Their data as presented, therefore,
cannot be compared directly with that obtained in this study and is of
limited use in examining any relationships which may exist between nodule
and sediment compositions.

A more promising study was conducted by Friedrich (1976). This involved
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the physical separation of the Mn-oxide phase of sediments (occurring as
hicronodules) and a comparison of the chemical composition of thig phase
with the bulk chemical composition of associated nodules. Interestingly,
Friedrich found that in areas where the micronodules were high in Cu and
and Ni, the Cu and Ni content of associated macronodules was zlso
particularly high. Friedrich's study whilst perhaps providing the best
attempt to date to solve the problem of nodule-sedimont intarelationships,
was a physical method of separating out the authigenic oxide phasa of
sediments uHich may not remove all of the ferromanganese—oxide fraction
and thus might not-present a representativs sampls. An alternative method
of investigating compositional relationships botween nodules and sediments’
would seem to be a detailed examination and comparison of the chemical
composition of the various phases present in the two types of sample using
purely chemical techniques. Such a study is discussed in the following

section.



SECTION 7

PARTITION GEOCHERISTRY

(1) INTRODUCTION

Twenty—-cavan nodula samples and 19 sediment samplea from 2
traverses, one in tho [ladagascar Basin and ono in tho Central Indian Bagin
were analysed by an adaptation of the selective leach technigues
developad by Chester and Hughes (1967). In each case tha leachod fraction
was analysed by atomic absorption spectrophotometry for Mn, Fe, Co, Ni,
Cu, Zn, Pb, Ca, Al, Cd, Cr and Ti. Details of the procedures cmployed
are given in Appendix 1. Thus, in addition to %the bulk chemical
camposition of the samples, the composition of that frection of the
samples which was soluble in acetic acid,hydroxylamine-hydrochlcoride and
acetic acid, and hydrochloric acid were also obtained., The aim of this
procedure was to investigate the partition of the elements examined
betwesn the various phases removed by sach attack in both nodules and
sodimants, The phasss present in Terromanganase nodules ana marine
sedimentes are listed in Table 18. Thase are likely to be soleciively
lsached from the samples by the chemical attacks emplayed as follouws

(Chester & Hughes, 1967, 1969):~



TABLE 18 Material present in pelagic nodulc: & sediments
(Adapted from Chester & Hughes, 1957)
1.- Adsorbed components

(a)
(b)
(c)

Major olements e.g. Na, Ca, K.
Minor ‘elemeants e.g. Mn, Ni, Cu.

Organic material, as organic molecules.

2,-

Organic components (biogenous origin)

(a)
(b)
(c)
(d)
(e)

Carbonatos e.g. calcite, aragonite.
Phosphatos e.g. skoletal apatite.
Silicates e.g. opal.

Sulphates e.9. celestite.

Organic matter e.g. organic molscules,

e~

Inorganic components

(1)
(a)
(b)
(c)

(d)
(8)

(ii)
(a)
(b)

Authigenic material
Carbonates e.g. calcite, dolomite (uncommon).
Phosphates e.g. {rancolite, phoaphorite rock.
Silicates & Aluminoeilicates s.g. quartz,
glauconite, feldspar, zeolites (phillipsite),
clay minerals (montmorillonite).
Sulphates e.g. barite, colestite, gypsum.
Oxides & Oxyhydroxides e.g. todorokite,

goethite, mixed iron manganese oxides,
amorphous oxides & Hydroxides of In & Fe.

Detrital material
Oxides e.g. rutile,
Silicates & Aluminosilicatos e.g. quartz, clay

minerals (illite, kaolinite, montmorillonite),
feldspars.
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1. Acetic acid attack-

This attack, employing 25% acetic acid should remove the carbonate
minerals (except dolomite), loossly sorbad cations and interstitial sea-

water svaporatles.
2. Acid and reducing agent attack-

This attack, using a mixed reagent consisting of 25 acetic acid
and 1M hydroxylamine hydrochloride, should remove everything soluble in
the acetic acid %ttack plus the manganese and mixed Terromanganese-—
oxidses and hydroxidss which are reducible by hydroxylamine hydrochloride.

According to Chester & Hughes (1967) this attack also relsases a

substantial proportion of the iron oxids phases.
3. Hydrochloric acid attack-

This attack, employing 6M hydrochloric acid should remove cvery-
thing soluble in ths previous attacks plus any non-rsducible manganess
oxyhydroxides, mixsd iron-manganess oxyhydroxides, and separate iron
oxyhydroxides which are insoluble in the mixed acid and reducing agent
attack. This attack will also remove all but the more resistant silicates

and aluminosilicates (Cronan, 1976).

In order to minimise analytical srror these attacks were pcrformed
in turn on segparate subsamples of each sampls and the leached portion
analysed. The amount of each element soluble only in ons particular
attack was then obtained by subtracting the valus for each element

released by that attack Trom the corresponding value obtained in the
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previocus attack., For example, the amount of Mn soluble in hydrochlioric
acid but NOT inm mixed acid reducing agent or acetic acid equals the
concentration of Mn present in the hydrechloric acic leachn minus tho
concentration of Mn present in the mixed acid and rscducing agent lsach.
The amount of mstals present in the resistant, HClL-ingoluble Traction
was obtained by subtracting the concentrations of elemants in the
hydrochloric acid leach from the bulk composition of the samples. Thus,
4 distinct fractions were racognised in nodules and sediments as

follows:—-

T Acetic acid soluble fraction.
2. Acid reducible fraction.
3. HCL - solubles fraction.

4, Acid - insoluble fraction.

in order to discuss the variations observed in the data thus
obtained, data on samples from both traverses was considered together,
. ~
and then a caomparzison was subssqguently carried out of ths trends
cbserved in each basin. Finally, ths variations of individual elaments
in nodules and sediments along each traversa is discussed and an atiempt

mada to account Tor the variations and interelationships.

(ii) ELEMENT PARTITION

In order to investigate the averags partitich cof the elements
betusen the various fwgctions, the proportion of sach elemant removed by
sach ssparate attack was calculated as a percentage of tha totai ancunt
of that element in tho sample. Considering ncdulo and sedimont data
seperately, the averags of these percontages for each slement for sach

separate attack was then calculated, and the standard deviation about the



mean value obtained, using the formula;—~

o = KZ;(X-L—YY

n -1

fn
whera 52 = mean valug = ji: )Ci
n

= standard deviation

I\ = number of samples
The results are summarised in figures 46 (a) to (c).
(a) AVERAGE PARTITION IN NODULES

From figure 46 it can be seen that essentially all of the Mn in
nodules is rsleased in the acid-reducible {raction. Some' two-thirds of
the totzl Fe is also removed by this attack, most of the rest of the
iron is contained in the HCL-soluble fraction, with less than 105 of the
total Fe contained in the acid-inscluble fraction and only trace amcunts
in the acetic-~acid soluble fraction.

Cobalt, Ni, Cu, Zn, Pb, znd €d were all released predominantly in
the acid-reducible fraction, however small differences in the partition
ars noticeable. Of these six elemsnts, Co, Pb and Cd do not appear to
be released to.any significant amount by acetic acid. The detectim
limits for Pb and Cd, under the method of determination employed, are
comparatively high. The veluss obtained for these elements therefore
tend to be less reliable than those cbtained for the other trace elements.

Virtually all the Cao present in ths sanples was released in the acid-
reducible fraction and about 90% of the total Pb was releasad by this

attack also. The remaining Pb appears to be partitioned roughly equally
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FICURE 46 (a) & (b) Mean partition values in Indian Ocron
nodules and scdiments.
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betwoen the HCL—-socluble and acid-insoluble fractions. Like Pb, zbout
90% of the totzl Cd is acid-reducible ,hiowover, the low Cd content of
most samples combined with the pcor precision obtained for this
eloment, precludos an accuratoc asscssment of its partitioning betusen
tho othor fractions.

Nickel, Cu and Zn ere all roloascd in small ecmounts in the acetic
acid-soluble fraction. Some 2% of the total Ni, 5% of the total Cu and
8% of the total Zn occur in tho fraction. Difforences occur 1n tho
amounts of those slomonts presont in tho acid-reduciblo fraction. Over
95% of the total Ni is present in this fraction compared with 90% of
the total Cu and 85% of tho total Zn. Amounts of all three slements in
the acid-rosistant fraction were negligeble but smell amounts of Cu and
Zn were contained in the HCL~solubls fraction.

About 10% of the total Cr is present in ths scid-reducible fraction
but most of the Cr occurs in the HCL-soluble and acid-insoluble fractions
roughly equally partitionsd betueen the two. In contrast to Cr, rather
more Ti oceurs in the acid-reducible fraction and of thse remainder, almost
three times as much is contained in the HClL-soluble fracticn as in the
acid-insoluble fraction. None of the Cr or Ti appears to bes contained
in phases which aro soluble in acetic acid.

Almost two-thirds of the total Ca in the nodules was relsasad by
the acetic ecid attack. The remaining Ca is partitioned almost squally
betwssn the acid-roducible and acid-insclubls fractions, with less than
5% of the total Ca being HCL—socluble. The partitiom of Ca in nodules is
therefors markedly different from that of the othor metals anualysed.

Aluminium too, shows a umique partition pattern. Aluminium is
partitioned mainly botween the acid-reducible, HCL-soluble and acid-
resistant fractions, gradually increasing in amount from the former to

the latter. Only trace amounts of Al are soluble in acetic acid.
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(b) AVERAGE PARTITIONS IN SEDIMENTS

The partition of the elements analysed in sediments shows
important differences to the trends seen in nodules (sese ffgure 46).

Only 7S5% of the total Mn occurs in the acid-reducible fractién
of sediments, whilst on average rather more than 10% is present in the
HCL-soluble fraction and slightly under 10% in the acid-inscluble
fraction. A small amount is also released by acetic acid. Most of the
Fe im sediments, about 80%, is present'in g non-reducible form soluble in
HCL, whilst just over 10% is present in the acid-resistant fraction.
Less than 10% of the total Fe in sediments is in an acid-reducible
Torm.

The partitioning of the trace elements Co, Ni, Zn, Pb and Cd
in sediments is also different from that observed in nodules.
Apprsciable amounts of all thess elements, except Cd, are rasmoved by
acetic acid, This acetic acid-soluble portion forms about 10% of the
total Co, Ni and Pb but about 20% of the total for Cu and Zn. Over 60%
of the total Co and Ni are present in the acid-reducible fraction and
about 50% of the total Pb. Howsver, under 40% of the total Cu and only
25% of the total Zn are scluble in this fraction. Very different amounts
of Co, Ni, Cu, Zn and Pb are found in the HCL-soluble fraction.
Hydrochloric acid-soluble Co and Pb form about 15% of the total of
these elements, whilat 25% of the total Ni occurs in this fraction.
Howsver, socme 40% of the total Cu and 45% of the total Zn are present
in this fraction. Only trece amounts of the total Ni and Cu occur in the
acid-insoluble fraction, whilst some 10% of the total Zn and Co, and
over 20% of the total Pb do so.

The partitioning of Cd in sediments is markedly different to its
behaviour in nodules, where it behaves similarly to Co, Ni, Cu, Zn and Pb.

In sadiments howsver, Cd shows much closer affinities with Cr and Ti.



No detsctable Cd is present in tha acetic acid-zoluble or acid-
reducible fractions, the olement bsing present inatead in the HCL~
soluble and acid-insoluble fractions, roughly equally partitioned
between the tuwo.

Chromium and Ti are both pariitioned mainly in the acid-
insoluble fraction with the remaining 30 to 40% prodominantly in the
HCL-soluble fraction, alithough a small amount of the total Cr occurs
in the acid-reducible fraction.

About half the totel Ca in sediments is removad by the acetic
acid attack whilst almost a guarter occurs in ths acid-inscluble
fraction. Tha remaining Ca is roughly equally partitioned bstuwecn the
acid-reducibls end HClL-soluble fractions.

Aluminium in sediments is partitioned roughly equally betwsen the
HCL=-soluble and acid-insolublo fractions, with only trace amounts

present in the acetic acid~soluble and acid-reducible fracticns.
(c) RANGE OF PARTITION VALUES

The vertical bars through the mean values in figures 46 (2) to
46 (d) represent the standard deviation zbout the mean value for sach
slement in sach fraction. It iz immediztely obvious that the standard
deviaticns for almost all the clements in each fraction in sediments
are much higher than the corresponding standard deviations in nodules.

In nodules Co, Ni, Cu and éspecially_Mn show very ligflo deviation
from the mean values obtained for each zttack. This indicates that in
the samples analysed there was virtually no varietion in ths
partitioning of these elemente, sach being very cleerly partitioned
predominantly in the acid-reducible fracticon. Zinc, Cd and Pb show a
slightly greater variation in partition, and Zn in particular is

partitioned appreciably less in the acid-reducible fraction than, for
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exampls, Co and Ni,

2.

in its partition to Mn.

0]

The part tion of Ce, Al, Cr and Ti in nodules

variable than that of the other elements. The partition of Cr, fox

e
example, varies by - 20% in sach fraction and in the scid-reducihle

frection this variation is twice as largs es the mean partition valus

itseli. Titanium on the othar hand shows moat variation, ccmparsd with

atancard deviation

(]

the mean, in the acid-insoluble fraction, whers th

J.

is of very nearly a came order as the mean value.

Calcium shows a large variation in partition in the acid-rsducibls
and acid-insoluble fractions, but its vearisticn in the acetic acid-
soluble ¥raction is comparatively small. The variation in the partition
of Al is generally rather greater than that shoun by ths other elcmenits
and 1s particularly largs in the HCL-soluble fraction.

With very few exceptions, the partition of the elemsnis in
sediments is rather more var-iable than that shown by nodulss. For
sxample [ln shous strikingly more variable partitioning in sediments.
The standard deviations about the mezn values ef Mn in the acid-rsducible

~ . . . . + .
and HCL-seluble fractions of sediments varies by around - 2C% whereas in

. +
nodules the corrssponding values are — 2% or lasss. By contrast the
variation in the partiticn of 7es is Tairly similar in sediments to that

in nodules,
The trace elements Co, Ni, Cu, Zn, Pb and Cd show a somauwhat less

well~dafined partition pattern in sediments than in nodules. Thass

~-reducible and HCL-soluble
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nodules. Howevsr, the increassed variation in partition of thoca trace
elemonts in sediments corrslatss very clesely with the incroasad
variability of Mn partition in sediments, compared to nodules.

The partitioning of Ca is guite variable in both sample groups
but is especially so in sediments., This variation is particularly
noticeable in the acetic scid-soluble fraction where about 50% T 30%
of the total Ca is present, and in the acid-reducible fraction whero
about 10% of the total Ca is present but with a standard deviation of
almost = 20%. The Ca in HCL-soluble and acid-incoluble fractions of
both nodules and sedimonts alsc displays large standard deviations from
the msan values.

Chromium, Al and Ti show a slightly smaller variation in partition
valuss in sediments than in nodules. This is particularly noticeable in

the acid-reducible fraction.

(d) pIscussicn

The partition patterns for most elements are rathor diffsrent in
nodules to those in sediments, ond in gensral show a much greater
variation in the latter.

Virtually all the ¥n in nodules is in the acid-reducibls fracticn
and shows very little variation in partition. This indicates that slmost
all the Mn in nodules is present as acid-reducible oxidss and oxy-
hydroxides. Just over two-thirds of the total Fe in ncdules, on average,
is present in the acid-reducible fraction. Almost all ths'rest of the Fe
is soluble in HCL. It would secem, thercfore, that the majority of the Ffs
in nodules is present as either an acid-reducibls mixed Fe-Ma oxyhydroxidas
or as a ssparate, acid-reducible, hydrated iron oxide phaze, In order to
investigate this further, synthetic Fe and Mn phases were made, and

gubjected to the same selective attacks as ths samplos, (sos Appendix 1).



As a result of this invastigationit would seom that amorphous
or colloidal mixed Fe-Mn oxyhydroxides, and Fe-oxide-hydroxides of the
typs thought to occur in nodules (Goldberg, 1965; Glasby, 1572; Burns &
Burns, 1977) and pelagic sadiments (von der Borch & Rex, 1970) arc
almost completely socluble in the mixed acid and reducing agent used.
Howevsr, crystalline iron-oxide-hydroxide {(goethite) which has also been
found in nodules (Glasby, 1972; Bezrukov & Andrushchenko, 1973) and
sediments (von der Borch et al, 1971) is only very slightly soluble
in this reagent. Neither goethite nor colloidal Fe-Mn oxyhydroxides are
extensively attacksd by - z2tic scid, but bcth ars completely dissolved
by hot 6M hydrochloric acid. The variability in the relative amounts of
acid-reducible and HClL-scluble Fe in nodules can therefore probably be
related to thes varying ratic of goethite to amorphous iron oxido-
hydroxide and mixed fFe-Mn oxyhydroxides prosent in tho samplos.

In nodules, virtually all the Co and Ni, $0% of the Cu, Pb and Cd
and 85% of the Zn is acid-reducible and therefore occurs within or
adsorbed onto, the acid-reducible Mn and Fe-Mn oxyhydroxide minerals.
The selective attacks usod were not able to determine how these trace
metals were partitioned between the /Mn and mixed Fe-Mn phases. Small
amounts of Ni, Cu and more especially Zn occur in the acetic acid-
soluble fraction and in view of the probable absence of carbonates,
are probably preseont as loosely sorbed ions on the Mn and Fe-lin oxidas.
Small amounts of all these trace elemsnts, but more especially Pb, occur
in the HCL-soluble fraction. The HCL-soluble Co, Ni, Cu, Zn and Pb may
be contained in the Fe phases broken down by the HCL attack. However,
most of the material removed by tho HCL attack consists of alumino-
silicate material, especially clays. Small amcunts of at lsast some of
the trace metals removod by this attack may therefors be releascd from
clay minerals. The amounts of Mn, Fe, Co, Ni, Cu, Zn and Pb in the acid-

insclubla fraction are for the most part at levels which are too low

o

A



205

to be measured accurately by the methods used.

The partition patterns of those slements in nodules which are
ot incorporated primarily within the Mn and Fe phases ic nather morse
variable than those of the elements so far discussed. Abcut one-sixth
of the total Ti occurs in tho acid-reducible fracticn. tlsctron
microprobe studies on manganesa nodules have shown soms association of
Ti with Fe within nodules (Cronan, 19673 Glasby, 41970). Since much of
the Fe in nodules occurs in the acid-reducible frection, it may be that
the fraction of Ti which is released by the acetic acid and rsducing
agent attack represents that portion of the total Ti in nodules
which is associated with these Fo phases. Arrhenius (1963) and Glasby
(1970) suggest that Ti can also be present in nodules as rutile or
anatase. This is not likely to be soluble in the mixed acid and
reducing agent but, depending on paerticle size, may be partly dissolvsd
by hydrochloric acid {(Arrhenius, 1563). Thus the Ti in the HCL-soluble
and acid-insoluble fractions of nodules may represent the portion of
the total Ti which is present as detrital rutile or authigenic anatase.
Howsver, appreciable amounts of the Fe—oxyhydroxide phases ars also
HCL—soluble and tharefors the Ti released by the HCL attack is likely
to inciude a contribution from Ti bound up in the HCL-soluble Fe
phases. ’

The majority of the Al in the deposits is present in the HCL-
soluble and acid-insoluble fractions, those bsing the fractions in
wvhich the clay-minerals, zeolites and other aluminosilicates could be
expected (Chester & Hughes, 1967, 1969). The small amount of ths total
Al vhich is soluble in acetic acid probably represents colloidal Al,
perneps present as a hydroxide, which is sither adsorbed on tho surface
of the ferromanganese phasas or occurs as as separate discrete phass.
Over a guarter of the total Al is present in ths acid-reducible

fraction. Thnis Al may be present in an authigenic aluminosilicats



which is sasily broken down but it more likely represents Al

actually incorporated within or intimately mixed with the acic-~
reducible ferromanganese phases, as a hydroxide or as A13+ within the
todorokite lattice (Lyle et al, 1977).

Over 50% of the total Cr is present.in the HCL-goluble and acid-
insoluble fractions. UWhilst some of the HClL-solubls Cr may be acsociated
with HCL-soluble Fe phases, previous workers {Cronan, 1967; Glasby, 1970)
have found Cr to be strongly correlated with the detrital phases of
nodules. The Cr soluble in HCL therefore probably reflects the porticn
of the total Cr presont in HCL-soluble detrital minerals rather than
an association of Cr with the HCL-scluble Fe phasos.

Almost two-thirds of the total Ca in nodules is soluble in acetic
acid. This Ca may therefore be present as carbonate material, adsorbed
ion-species, and sea-water evaporates. However, Glasby (1970) has
found that nodules growing on high carbonate sediment (> 60% c3003)
do not include significant amounts of carbonate material as they grow.
The nodules in this study were all recovered from areas hoar or balow
the C.C.D. where the carbonate content of the sediments was either vory
low or nil. It is possible that the cores of some of the nodules
contained carbonate material but core material was removed, so far as
was possible, prior to analysis. Carbonates are not likely,therefore,
to to be a major socurce of acetic acid-soluble Ca in nodulss. One
altecrnative is that this Ca represents Ca from sea—~salt incorporated
wvhen the samples weras dried pricr to analysis. On the other hand, since
Ca ions are very abundant in sea-water and the Mn oxides in nodules
are known to be excellent scavengers of cations, it seems likely that
at least some of the acetic acid-soluble Ca is present in nodules as
adeorbedion gpeciec. Realistically, however, the relative contribution
of Ca from oach of thesc various poscible sources could only be assecascd

by carrying out selective attacks dosigned to liborate each of thocs



N
S
~

phases separately.

The partition natterns of most elements in sediments are rather
different to those observed in nodulcs, morecver they are generally
rather more variable than in nodules. This can be explained in the
following way. Ferrcmenganese nodules consist primarily of two types cf

component as listed in Table 13:-

(2) A component consisting of oxides and oxyhydroxides of
Mn and Fe together with incorporated trace metals

(b) A component consisting of silicates and aluminosilicatec,
comprising a mixture of clay minerals, zeolites, quartz

and other silicates such as feldspars

Almecst all of the Mn, Fe, Co, Ni, Cu, Zn, Pb and Cd in nodules is
inco-porated in compcnent (a), and because as much as possible of
compenent (b) was removed physically, pricr to analysis, thc relative
amounts of those components present in nodules is not likely tc be a
major contrecl on the variation in partition of the elements. By contrast,
pelagic sediments are a morc complex mixture than nodules of the phases
listed in Table 18. The main phases likely to be present are carbonate,
phosphate, zeolites (mainly phillipsite), clay minerals, silica (mainly
biocgenic opal) and cxides and hydroxides of Mn and Fe. Whilst the
latter, as micronodules, will tend to be markedly enriched in trace
metals with respect to ths other phases, the clay minerals are also
likely to cContain appreciable amounts of these motals. Thus in
sedimonts whore clay minerals greatly predominate over forromanganoso
microncdules a substantial amount of the total trace cloment contunt of
the sediment will be contained in the clzy mineral fraction,

About threc—quartors of tho total Mn in sediments appears to occur

in micronodules or as oxide coatings on cther minorals {(i.ec. is acid-



reducible) whilst about 20%, on average, is present within silicate
material such as clay minerals, and is thus partly solublc in HCL.
This agrees wsll with the findings of Chester & Hughes (1959) on
pelagic sediments from the Pacific Oceoan.

In contrast to its bchaviour in nodules, Fo in sedimonte is
partitionod in almost complotely scparato phases to Mn, with £0% of the
total bainé in the HCL-~soluble fraction, and less than 1055 being acid-
reducible. The combined amounts of HCL-coluble and acid-insoluble Fe,
about 90% of the total Fe, is similar‘to the partition obsgerved in
surface sedimont from the Pacific, by Chestor & Hughss (1969). Howevor,
they ascribe sll the non—acid reducible Fe to a lithogonous fraction
(i.e. clay minerals). In view of the apparcnt insolubility of well-
crystalline gosthite in the acid and reducing agent mixture used , it
seems likely that any goethite in the sediments will be dissolved by
the HCL attack, sven if of authigenic origin. Therefore it is suggested
that at least some of the Fe in the HClL-soluble phase of ths sediments
analysed may be pressnt as goethite. It is likely that this would
represent colloidal Fe which was not incorporated by growing micro-
nodules and which subsequently aged to goethite (Goldberg.& Arrhenius,

1958).
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The percentages of the various trace elements in the acid-reducible

phase of aadiménts ranges from over 60% of the total for Co, doun to 25%

for 2Zn and probably sven less for Cd. These values are likely to represent

the percentage of the totzal of sach element associated with micronodules
end perhaps ferromanganese~oxide coatings on other minerals in the
sediment. A comparatively large percentage of the totel amcunt of some
elenents, especially Cu and Zn, is presont in the acetic acid-soluble
fraction. This represents the amounts of these elements present as
lcosely adsorbed cations, in acetic acid-solublo oxido coatings and, in

carbonate bearing-sediments, in the carbonate material itself (Horowitz,
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1974; Horder, pers. comm.). fuch of tho trace slement content of the
sadiments occurs in the HCL-soluble and acid-insoluble fractiocne, the
amounts varying from about 257% for Co to over 50% for Znm and virtually
100% for Cd. From the attacks used it is not possible tc slucicate

what proportion of these elemonts is prescnt in clay minerals and what
proportion is associated with gosthite, since these minerals are all
extensively dissolved by HCL. Some amounts o7 some of these melals,,
particularly Ni and Cu, are also present in siliceous bicgenic débris
(Gresnslate et al, 1973) and in siliccous sediments this phase is likely
to provids another source of HCL-soluble trace motals.

As in nodules Cr and Ti in sodiments occur prodominantly in tho
HCL-soluble and acid-insoluble fractions,prosont in silicatos, in the
cass of Cr, and oxides in ths case of Ti. Amounts of acid-reducible Al
in sediments are much less than in nodules indicating that a grsater
percentage of tho Al in soediments comparod to nodulos (over 90%) is
present in clays and other aluminosilicates, rather than as a hydroxido
phase. Whilst on avsrage, at least half of the total Ca in sediments is
soluble in acetic acid, this psrcentage is very variable. This is dus
to the presence of variable amounts of carbonats material. Most of the
sediments are low in carbonate or essentidlly carbonate-frse. However,
one or two samples contain abundant carbonate material. In these samples
thse large amounts of Ca contained in the carbonate completely swamp ths
much smaller amounts present in other phases, and in these samples
effectively all the Ca appears to be in the acetic acid-soluble fraction.
Of the remaining Ca, most eppears to be present in acid-insocluble
silicate phases although some is also present in the HCL-soluble fractior,

probably from Ca-bearing clay minerals.,
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(i1i) COMPARISON OF PARTITION IN NODULES & SEDIMENTS FROM DIFFERENT BASINS

Comparatively small but nevertheless significant differences
ocecur in the average partition patterns of the elements in nodulss and
sediments in the two basins investigated. The two basins are floored by,
and are currently recelving, very different types of sediment, and are
characterised by nodules of markedly different compcsition and
morphology. The average partition data fo? the samples from each basin

ware therefore separated and are summarised in figures 47 and 48.
(a) ELEMENT PARTITION IN NOBULES

The major elements Mn and Fe are partitioned very similarly in
nodules from both basing, with virtually all the Mn partitioned in the
acid-reducible fraction, along with about 70% of the total Fe. Howaver,
the variation in partition of Fe in the Central Indian Basin (C.I.B.)
samples is rather less than in the Madagascar Basin samples.

By contrast, the trace metals in nodules do not sppear to be
partitioned in quite ths same way in the two different b;sins. Rather
higher proportions of Zn and Cu appear to be present in the acetic acid-
soluble fraction in Madagascar Basin samples than in C,I.B,., samples.

In both basins the largest percentage of all the trace mstals
occurred in the acid-roducible fraction. However, in Madagascar Basin
samples significantly lower percentages of Pb, Cu, Cd and especizlly Zn
are present in the fraction compared with C.I.B. samples. Betwsen 7 and
10% of the total Pb and Zn is partitioned in the HCL-soluble fraction in
Madagascar Basin samples whereas in C.I.B. samples only trace amounts are
present in this fraction., The acid-insoluble fraction of Madagascar
Basin samples also contains more Pb and Cd than does the seme fraction in

C.I1.B. samples, However levels of most trace metals in this fraction are
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FIGURE 47 (2) & (b) Mean partition values in noduleos {rom the
Central Indian and Madagascar Cnsins.
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small or zerc in most samples in both basins,

The detritally associated elements Cr and Ti also show differences
in partition betwsen the two basins. In particular, almost 90% of the Ti
in Madagascar Basin samples is HCL-solubls. In C.I.B. samples on the
other hand, less than half the total Ti occurs in this fracticn, whilst
a quarter of the total Ti is in the acid-rsducible Fraction and the
remaining 30% in the acid-inscluble fractioa. Chromium in C.I.3. samples
is partitioned almost exclusively in tha HCL-soluble and acid-insoluble
fraction with rather less in the former than in the latter. Howsver, in
Madagascar Basin samples almost 20% of the total Cr occurs, on average,
in the acid-reducible fraction. As can be seen fiyom figure 47, the
partitioning of Cr between the various fractions is very varied, and is
particularly so in Madegascar Basin samples.

Aluminium shows a roughly similar partitioning betwsen the various
frections in both basins. The partition patterns of Ca however arc
rather different in the two basins. Roughly equal proportions of the total
Ca are liberated by the acetic acid attack on nodules from both basins.
However almost a gquartsr of the total Ca in C.I.B. nodules is presont in
the acid—raﬁucibls fraction whilst in Madagascar Basin samples acid-
reducible Ca accounts for less than 10% of the total, with a

correapondingly greater percentage presant in the acid-insoluble fraction:
(b) DISCUSSION

The partition of the major elements Mn and Fe in nodules from both
basins shows very few differences, howaver, the trace metals in general do
show some variation in their partition patterns between the tuo basins.

The mineralogy of the Mn phases in nodules from ths two tasins is
very different (sse Section 4), but since all the Mn phases present in

the camples analysed appear toc be acid-reducible, minsralogicel differences
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do not appear to have any effect cn Ma partition. The mineralogy of the

Fo phase is not wsll knoun, however, as has already been discussed , the
degres of crystallinity of these phases appears to affect the partitioning
of tha Fe, WUell-crystallines gosthite is insoluble in the mixed acid and
reducing agent used whareas amorphous and colloidel ferric hydroxids

and mixed Fe-Mn oxides are more or less completely soluble in this reagent.
Thus variation in tho ratio of acid-reducible to HCL-—goluble Fo should qgiva
an indication of tho ratio of amorphous FoOGH to crystalline goethito
present in the samples. On average, these ratios are very similar in both
basins, being 2.4:1 in the Madagascar Bagin and 2.7:1 in C.I.B. samples.
However, variation of this ratio within sach baslin was vory much larger
and ranges from a minimum of 0.33:1 in one sample from the Madagascar
Basin to 2 maximum of 6.8:1 in one Central Indian Basin sample. The sample
from the Madagascar Basin showing such a high proportion of HCL-solubls
(i.e. non-reducibls) Fe, was the only sample from either basin in which
goethite was positively identified in the bulk sampls.

Whilst mineralogical differences do not affect the Mn partition thsy
do appear to have an effect on the trace element partition. Rathor greater
percentages of the total Zpn, Ni and Cu are acetic acid-soluble in
Madagagcar Basin samples, than in C.I.B. samples. Thess metals have ionic
radii and charges which makes incorporation into the é;-MnOZ mineral
lattice rather unlikely, but which allows fairly easy substitution for
divalent Mn in todorokite (see Section 5). These metals are therefore
more likely to be present as adsorbed species rather than in lattice sites

in §-Mn0,-rich samples. The increased proportion of Cu, Ni and Zn in the

2
acetic acid-soluble fraction of Madagascar Basin samples is in agreement
with this, sincea 8--NnD2 was the main Mn phase identified in Madagascar
Basin nodules, whereas C.I.B. nodules which had a higher percentage of

lattice Cu, Ni and Zn were found to be rich in todorokite. Small amounts of

Pb, Zn and to a lssser extent Cu, are associated with the HCL-soluble

0



fracticn in Madagascar Basin samples. The amounts of these elements in
this fraction are noticeably higher in samples whers larger than auaragé
amounts of Fe are present as goethite (i.e. are also HCL-soluble). That
goethite can contain significant amounts of Cu and Zn but not so Co or
Ni, has been demonstrated in nodules by Arrhenius (1963) and in
metalliferous sediments by Bignell (1975). The reasons for the enrichmsnt
of Pb in this phase are not clear, cince its ionic size and radius in the
valency state in which it is found in sea~water are unfavourable for its
incorporation into goethits by substitution for Fe. It may well be that
the HCL-soluble Pb comes at least partly from the breakdown of authigenic
phosphates, such as apatits, which are somstimocs associated with goethite
in nodules (Winterhalter & Siﬁolla, 1966). This mineral is at least
partly soluble in HCL and may contain substantial amounts of heavy metals
such as Pb (Arrhenius, 1963; Deer et al, 1966).

The partition of Al in nodules from both basins is similar and
consistent with the suggestion that most of this element is roleased in
the HCL-soluble and acid-insoluble fractions by breakdown of clays and
more resigtant aluminosilicates. Rather sﬁbstantial amounts are also
nreson probably as a hydroxide or in lattice sites in the Mn phases.

fMost of the Ca in the nodules is present in the acetic acid-
soluble fraction in both basins, probably mainly as sea~water evaporates
and adsorbed ion species. In both basins only trace amounts are
associated with the HCL-soluble clay minerals. However there is a large
di?ference in the percentage of acid-reducible Ca between the two basins,
less than 10% of the total Ca in Madagascar Basin samples being present
in this fracticn compared with almost 25% in Central Indian Basin samples.
The difference can be acounted for by considering the different nodule
mineralogy of samples from the two basins. As already discussed,
lMfadagascar Basin samples contain S—Mnﬂz whereas C.I.B. samples ars rich

in todorokite. As has been pointed out,{(Straczek et al, 1960) Ca is an

215
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important minor constituent of the todoroikite mineral lattice. This Ca
will be released by the acid-reducing agent attack as the Mn minerals
are broken down, and probably accounts for the difference in Ca
partition observed in the two basins.

The partition patterns of Ti in the two basins are someuwhat
different., As alrsady discussed, it seems likely that Ti ih the acid-
reducihle fraction is assoc¢iated with Fe phases and from the average
partition data it would appear that Ti shows a very much greater
affinity for these Fe phases in C.I.B. nodules than in Madagascar
Basin samples (ses figure 47) sven though total amounts of Fe ars lower
in the former than in the latter. Anocther major difference in Ti
partition is that a much greatsr percentage of the total Ti is present
in the acid-insoluble fraction rather than in the HCL-solubls fraction
in C.I.B. samples compared to Madagascar Basin samplss. According to
Doer et al (1966) both rutile and anatass are insoluble in HCL. Houwevar,
when these minerals are of very small particle size and full of
impuritiss such as cla& minerals, which is often the cass with authigenic
T102 (Arrhenius, 1963), it is 1liksly that they will be appreciably solubla-
in HCL. Thus the different partition of Ti betwsen the HClL-soluble and
acid-insoluble fractions in the two basins may reflect the different
desgrees of crystallinity of TiO2 in nodules from the two basins.

An accurate assesscment of the variation in Cr partition bstwsen the
basins is precluded by the fact that the inter-basin variations tend to be
smaller than the intra-basin variations (see figure 47). The main
differences appear, howesver, to be the presence of more acid-insoluble Cr
in C.I.B, nodules comparsed to Madagascar Basin nodules which by contrast
contain rather more acid-reducible Cr. The reasons for these variations are

not clear.
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(c) ELEMENT PARTITION IN SEDIMENTS

The partition of Mn and Fe in sediments is fairly similar in
both basins. About thresc—quarters of the total Mn and about 10% of the
total Fe is present as ferromanganese-oxide material, solubls in mixed
-acid and reducing agent. About 80% of the total Fs in both basins is
soluble in HCL and therefors assumed to bs pressent partly as gosthits and
partly within Fe-bearing clays, such as nontronits, which afe HCL-
soluble. Slightly more Mn is pressent, on average, in the HClL-solubls
fractions of C.I1.B8. sediments than in Madagascar Basin samples, although
emounts in this fraction ars.rather variable in the Central Indian
Basin,

In gensral, the partition patterns of all ths trace slements ars
rather more varied in sediments than in nodulss, The partition patterns
of the trace slements associated with ths fe and Mn phesss i.e. Co, Ni
Cu, Zn and Pb are rather differsnt in ths two basins. On the whole, a
greater proportion of the total Co, Ni, Cu and Zn ars acid-reducible in
C.I.B. samples then in Madagascar Basin samplss, whilst a greater
proportion of the Cu and in is in the HCL-soluble fraction in
fMladagascar Basin samples compoered to C.I.B. samples. A significantly
greater amount of tha tctel Ni and Pb in Madagascar Basin sediments is
prescnt in the acetic acid-soluble fraction than is the case with C.I.B.
sediments,

Measursable amounts of all the trace slements are present in ths
acid-insoluble fraction in samples from both basins. Howsver the amounts
present in this fraction ars rathsr variable and only Co shows a
noticeable differencs bstween the basins. In fect ag can be seen from
figure 48, the standard deviations from the mean value for all the tracs
slements in all the fractions are largs, and significant differsnces in

partition between the basins ars thersfors difficult to establish.



Amounts of Cd present in the samples were too low to allow an accurate
study of ths partition of this element, although in both basins it
appears to bs present almast exclusively in the HCL-soluble and acid-
insoluble fractions.

The partition pattern of Ca is virtually idsntical in sainples from
‘both basins but as can bes seen from figure 48 the partition of this
element shows large standard deviatiomsin all four frac:ions sxamined.

On average, just under half the total Ca occurs in the acetic acid-
soluble fraction in sediments from both basins, but this percentage is
much highor in sediments with abundant carbonate material, and much
lower in non-carbonate sediments. This is the reason for the large
standard deviations observed. The Ca not released by acetic acid might
be expected to be present mainly in aluminosilicates materiel and thus
partitioned mainly in the HCL-soluble and acid-insoluble fractions. In
both basins, about 40% of the total Ca is present in these two phases,
with almost twice as much, on average, in the acid-resistant fraction as
in the HCL-soluble fraction. In both basins an appreciable amount of the
total Ca is present in the acid-reducible fraction. The veriation in Ca
partition within each basin is much larger than the variation observed
between basins, and in general, the intra-basin variation in the Central
Indian Basin is greater than that in the Madagascar Basin.

Like Ca, Al shows rather greater variation in partition in the
Central Indian Basin than in the Madagascar Basin, where in fact the
variations in partition are very small. In both basins more than three-
quarters of the total Al is preusnt in the HCL-soluble and acid-reducible
fractions and in the Madagascar Basin these two fractions contain virtually
all the Al.

The paxtition of Cr is very similar in both basins although, like Ca
and Al, Cr shows more variability in its partition patterns in the Central

Indian Bzsin than in the Madagascar Basin. In both basins about 5903 of the



total Cr is present in the HCL—-goluble and acid-insoluble fractione,
with roughly twice as much in the latter, on average, as in the
former.

Like Cr, 7i is partiitioned almost exclusively in the HCL-soluble
end ecid-insoluble fractions in both basins, howeover.Ti shows markad
differencas in partition between the twc basins. In the C.YI.B. about
thres—quartere of ths total Ti is in the acid-insolubls fraciion and
one~quarter in the HCl-soluble fracticn whereas in the Madagascar Bazin

Ti is partitioned almost equally botween the two fractions.

(¢) DISCUSSION

in gensral, the partition patterns of fin and Fe ars similar in
sediments from both basins. Howsver a largor and more variable emount of
Mn is present in the HCL-coluble fraction of C.I.0, samplos than in
Madagascar Basin samples. In Madagascar Basin samplos, asverage amounts
of Mn in the HCL-soluble fraction are well below the average value of Mn in
pelagic clays from the Indian Ocean (E1 Wakoel & Riley, 1961). Much of the
fin in this fraction in Madagascar Basin samplocs may therefors be
incorgorated in the lattices of the clay minerals present in thess sediments.
Ten times as much !in was present in the HCl-soluble fraction of C.I.B.
samples as was present in the same fraction of Madagascar Basin samples,
although the bulk Mn content of C.I.B, samples is only about %twice that of
Madagascar Basin samples., Therefors, either the clay mineral fraction of
C.1.B, samplas is much richer in Mn than the same fraction of Madagagcar
Basin samplez or Mn is being zoleascd by the HCL attack from a comparatively
fin-rich minoral phase which is much more sbundant in C.I1.B8. sediments than
in Madagascar Basin scdimenis. Greenslate ot al (1973) have shown that
siliceous biogenic débris can contain comparatively high amcunts of Mn.

Siliceous organisms may thercfore be a source of the "excess" Mn in the HCL-



soluble fraction of C.I.B. sediments, since silicecus remains are
abundant in them.

Grester percentages of the total amounts of Co, Ni, Cu, Zn and Pb
ars present in the acid-reducible fraction of Central Indian Basin
samples than in this fraction in Madagascar Basin samples. This may be
due to the fact that amounts of ‘acid-reducible Mn are much higher in
C.I.B. sediments than in Madagascar Basin sediments. This fin is likely
to be present as oxides or oxyhydroxides, and these are likely to be
enriched in trace metals compared to most or all of the phases present
in the sediménts. Lead is also higher in the HCL-soluble fraction of
C.I.B. samples than in the same fraction of Madagascar Basin samples.

This may be due to a higher content of HCL-soluble phosphatic material
such as fish débris in Central Indian Basin samples.

The large standard deviations of Co, Ni, Cu, Zn and Pb and the low
levels present make a comparison between basins difficult for the acetic
acid-soluble fraction of the sediments. However, rather more Cu is present
in this fraction in Central Indian Basin samples than in Madagascar Basin
samples, whilst for Ni and Pb the reverse is the case. There does not
appear to be any clear-cut reason for this, or for the smaller differences
observed in-the variation of the other trace metals between the basins.

Much of the Ca in sediments which is not present as carbonate occurs
in the HCl-soluble and acid-insoluble fractions and this Ca' is thersfore
probably present in clays and phosphatic fish débris (meinly HCL-soluble)
and in Ca~bearing silicates such as calcic foldspars (insoluble in HCL).
However in bothibasins somg 15% of the total Ca, on average, is acid-
reducible. A congsideration of the main phases present in pelagic sediments
(Table 18) does not indicate any cbvious Ca-bearing phase which might be
extensively dissolved in this attack but not in acetic acid only. Chester &
Hughes (1967) found that dolomite was extensively broken doun by mixed acid

and reducing agent attack but dolomite is not likely to be present in
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surface sedimsnts since it usually develops from calcitc only at dopth
in the sediment.column, as part of an ageing process. Cronan (1976)
attributes acid-reducible Ca in basal metalliferous scdiments from the
Pacific Ocean to liboration from phosphatice fish dibris. llowover,
according to Arrhanius'(1963) and Deor el al (1966) this material ic
not extensively soluble in acetic acid and hydroxylamine—hydrochloridp,
An equally likely source for this Ca is from the clay minerals, since
Chester & Hughes (1967) have shoun that some clays are slightly soluble
in acetic acid and hydroxylamine hydrochloride solution.

The partition pattorns of Al are similar in the sodimonte of both
basins and ara consistent with most of the Al boing proesenl in clay-
minorals and other aluminosilicates such as zeolites and feldspars.

The Al released in the acetic acid~soluble fraction is probably present
as a colleoidal hydroxide which is soluble in this reagent, whilst the AL
in the acid-reducible fraction may also 5o colloidal species but is more
likely to represent Al from the clay minerals, especially illite and
montmorillonite which are slightly soluble in mixed acid and reducing
agent (Chester & Hughes, 1967).

The partition patterns of Cr are also similar in both basins, Cr
being partitioned predominantly in tho acid-resistant fraction. In geroral,
Madagascar Basin samples have a larger totzl Cr content, averzaing over
150p.p.m., whilst average values in the C.I.B. are less than 70 p.p.m. The
excess Cr in Madagascar Basin sediments is probably due to tho presence of
relatively unaltered volcanic material. El Wakeel& Rilcy ( 1561) suqggost
that Cr concentrations of over 100p.p.m. in sedimonts are a good
indication of the presence of basaltic pyroclasts.

Titanium is partitioned almost exclusively in the HCL-soluble and
acid-resistant fractions in sediments from both basins. This points to Ti
being present predominantly as a resistant oxide phase. Althouch, as in

nodules, some Ti may be inccrporated in the Fe hydroxide phase, this
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phase is HCL-solubls and therefora Ti from this cource is

indistinguishable from HCL-gsoluble Ti-oxides. The greater percentage of
HCL-soluble Ti in Madagaccar Basin sedimente may be duo to larger amounits
of Ti assecciated with Fes-oxidas than in ths Central Indien Basin,
particularly since Fe appears to be more abundant in the formsr than in the
latter, However, the differcnce in partitioning may be dus simply to a
difference in particle size and crystallinity of ths’TiD2 in the

sediments, since well-crystalline anatase and rutile are resistant even

to hydrochloric acid,
(iv) INDIVIDUAL ELEMENT PARTITION ALONG TRAVERSES

Sampling in the Madagascer and Central Indian Basins was carried out
along two travsreces (figures 49 & 50). In the Madagascar Basin, the
traverse was roughly from south-west to north-—oast although tho last part
of the traverse ran almoct due north. The traverse acress tha Coniral
Indian Basin ran almost due wost-east. In order to invostigate the
. partitioning of eloments in nodules and sediments in more detail, and in
particular to investipgate trends in partition within eacé bagin, the
partition values for each samplae alono ths traverss were plotted ssparately
for sach element. Thus figuras 51(2) to 62(a) plot the variazticn in
partition in nodules and sediments for sach elemant analysad along the
Madagascar Basin traverse. In sach cass the uppermozst graph shows tho
variation in bulk composition of the samplss along the traverse, and
bensath this the fractions of the total amount of the eleoment are plotted
which wers rcleased by each selective atiack., Similarly, figures 51(b) to
62(b) plot the eame parameters for nodules and sediments along the

Central Indian Basin traverce,
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(a) VARIATION IN NODULE PARTITION ALONG TRAVERSES

Manganese shows very liétle variation in partition along either
traverse, being almost completely containad in the acid-reducible fraction
in all the sampleg. The rsmaining Mn is mainly in the HClL-sclubls fraction
but thie too shows no trund acroos the hapins, With the oxception of one
sample, total Mn tends to increase towards ths centre of ths Central
Indian Basin. The length of the ncdule traverss in the [Madagascar Basin
is rather chort and thersfors of lass Qalua in investigating compoeitionai
trends across the basin however, it can be seen that Mn is rathsr lower
in samples from the middle of the %traverse than in thoss from the ends.

Total iron shows no well-defined trend.across the Madégascar Basin,
However in ths Central Indian Basin it behaves in the reverse mapnor t M0
and is lower in nodules in the centre of the traverse. In tho acetic acid-
soluble fraction, Fe shows an increase in solubility towards the north-
eagt part of the Madagascar Basin. In the Central Indian Basin Fs ghows an
increaszs in solubility in thic fraction towards the western end of the
traverse which correlates well with the greater zmounts of Fo present.
Howsver the actual amounts present in this fraction im both basins are
very small,

The acid-reducibls Fe in Madagascar Basin samples shows an overall
glight decrease from south-wsst to north-cast., One particular sample
(25GBD) shows an extremely marked decreass in acid-reducible iron and a
corresponding incresase in HCL-soluble Fe. This sample has already been
mentioned in sub~Section (iii)(b) as being unigue in that it was the only
sample from eithsr basin in which goethite was positively identified.
Nodules from the central part of the Madagascar Basin show a definite
increase in HCL-soluble iron. In the Central Indizn Bssin %there do not
appear to be any systematic trendc in Fe partitioning acrosc the basin,

howaver in thae acid-insoluble fraction Fe doses show scme increass towards
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Partition in Madagascar Basin nodulus and sediments.
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i Partition in Madagascar Besin nodules snd sodimenta.
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Figure 55a
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Cu Partition in Madagascer Basin nodules end sodiments.
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Figure 57a Pb Partition in Madagascar Basin nodules and sediments.
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FIGURE 57b Pb partition in Central Indian Basin .nodules and
sediments.
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Figure 58a Cd Partition in Madagascar Basin nodules end sediments,
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FIGURE 5Ab Cd partition in Central Indian Basin nodules and
sediments.
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Finurs 59a Cr Partition in Madagascar Basin nodules snd sediments.
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Figure 6Ca
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TCURE 60b  Ca partition in Central Indian
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FIGURT 61b Al partition in Central Indian B2asin nodules and

sediments.
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Figure 62a Ti Partition in Madegascar Bagin nodules and sedimenta.

3
1.2 T/Sed..ments Nodules
1.0 4
ry 0'8 1
A Bulk Composition N
0.6 | i R -
0'4 L i A . ‘.“ ::a
0.2 ] d ,
0- ¢--e-v = Sediments ¥
207 .
~—— = Nodules PR
A A
10 7 ".' -"
Acid + Reducing Agent L
A . by Y
“—_"_v—',/ -.__.‘ - A L _"
0] e P N e SRS
100 ]
% 90
80 ‘\
Hydrochloric Acid
70 ] EaN
.-”,«‘ ‘.o‘ ’Q‘.
e J SR - / ~
,, 507 . it o =
A i '\_.. ‘‘‘‘ o o e
30 | . ; g
.,.\-:_.
10
80 1 A
.".. "'_ Mo
60} .- v T
YA .
(-4 v ’_~ s
40 S S e
Sy e
20-
Acid Inzoluble
o 51 !—\\/
(-]
0.

F

nak

N 4 Ll T L1 13 ¥ ) ¥ T L T L
Wk BIK MKMWk nep ey | B | 29 kMo s<ed 3 |
24680 26980

458

250



0.2 ]

251

FIGURE 62b  Ti partition in Central Indian Basin nodulas und

sediments,

= {lpdules

odules and
sedimonts

ememmwe=m Sediments

0,15
30
20.
Q

lo

104

651

odo...

Acid + Reducing Agent

e
..
..

Hydrochloric Acid

907

204

60

......
............
------------

------
.....

Acid Insoluble

o

) ] T 3 ]
68K 856K 90KH awdy | WAgk qsawx| \1ksol \o&gpl sy WaEs
B asex WM 9pseX 93K \olsk Wosu a3



the sastern end of tho traverse.

Cobalt shows no recognisable trends in any of tha ?ractions examined
in Madagascer or Central Indian Basin samplss. Almost all tha Co ic in the
acid-redicible fraction, howsver a significant amount of Co is present in
the HCL-soluble fraction of cna gample from the Madagascar Basin, This same
sample also contains an exceptionally high percentage of HCl-soluble iron,
In both basins, the amounts of Co present in ths HClL-gclubls and acid-
ceducible fractions are so small that the variations cbserved can be
accounted for totally in terms of analytical variznce.

A slightly lower psrcentage of the total Ni in nodules is present in
the acid-reducibls fraction than is the cage for cobalt. In tha Madagascar
Basin, amounts of acetic acid-goluble Ni incresase slightly in samples whars
the total Ni is lowor but there are no definite trends in the other three
fractions. Again, trends in .the HCL-soluble and acid-insoluble fractiocns
fall within the range explainable eolely in terms of analytical variance.
Nicksl shows no marked trends in Central Indian Basin samplas oither,
howsver thers is a slightly lower percentago of acid-roducible Ni in
nodules from ths western snd of the traverse and a corrssponding incrsase
in the amounts of Ni in the acotic acid and HClL-soluble fractions.

Copper shows similar, but rathsr more marked trends to thoss of Ni.
More Cu than Ni is present in the acstic acid-soluble fraction in samples
from both basins., As wss tha casse with Co, the Madagascar Basin samplos
containing gosthite ccntained appreciable amounts of HCL-soluble Cu, but the
trends in this fraction generally, and in the acid-insolubls fraction in
both basins is explainable totally in terms of analytical variance.

Zinc also shows broadly similar trends to Ni and Cu, and its bsehaviour
in sample 25GBD from the Madagascar Basin, which contained goethite, is
similar to that of Co and copper.

Lead also shows a markad enrichment in ths HCL-golubls fraction in
sample 25GBD from the central part of ths Madagascar Basin but lsvels of Pb

in this fraction in other nearby samples are also high. There is a



cerresponding decrease in amounts of acid-reducible Pb in these samples,
but there is no definite trend in acid-insoluble PB in this basin. In the
Central Indian Basin Pb shows no marked trends in any fractiocn although
there doss seem te be a very slight decrease in acid-reducible Pb towards
the western end of thes traverss.

Any partition patterns of Cd and Cr across the basins ars likely to
be obscured in most fractions owing to the poor precision obtained for
thess eslements at ths low concentrations at which they are praesant. Only
in fractions which contain a high psrcentage of the total of these
elements are reliable trends likely to bs obssrved.

Most of the Cd is prssent in the acid-reducible fractian of samples
from both basins, as is the cass with Co, Cu, Ni and Zn. In contrast to
these slements howsver, Cd shows a definite increase in the acid-reducibls
fraction towards the north—sastsrn part of the Madagascar Basin traverse.
The variations seen in Cd partition in ths HClL~soluble and acid-insoluble
fractions lie totally within the limits of precisicn.of the mothod used to
detarmine Cd in thoese fractiong. In the Central Indian Basin Cd shows a
similar partition pattern to Ni, Cu, Zn and Pb, bsing lower in tho acid-
reducible fraction in samples from the westsrn part of the traversc but
showing fairly irreqular partiticn in this fraction over much of tho rest
of this basin,

The peoor procision often obtained fer Cr may account for the very large
variations in its partition in samples from the [Madagascar Basin traverse.
Despits the large variaticn a definite increase in the percentage cof acid-
"inscluble Cr towards the north-sast part of ths basin is observable and
there is some decreass in acid-reducible Cr in the same direction.
Chromium does not show any definite frends across the Central Indian Basin
in any fraction.

In the Central Indian Basin, Cr appears to be present viritually

exclusively in the HClL-soluble and acid-insoluble fractiens, whilst in



Madagascar Basin samples at least 20%, and in some cases as much as 307
of the total Cr is acid-reducible,

Calcium does not show any very clea@r partition patterns in
Madagascar Basin nodules, the only noticeable trends being that samgles
from the central part of the traverse contain a greater percentags of
acid-insoluble Ca than those to the south-west and nerth—cazi. In the
Central Indian Basin Ca shows rather more marked trends in partition.
Acetic acid-soluble Ca decreases slightly from west to east across the
basin but this trend does not appear to bs depth dependent. Nodules

from the central part of the traverse show a marked increase in acid-

reducible Ca and by contrast amounts of acid-insoluble Ca are low in ths

centre of the traverse and increase markedly towards the sast.
Like Ca, Aluminium shows no obvious trends in partition in
[fadagascar Basin samples. There does appear to be a very slight gensral

decrease in acid-insoluble Al from south—west to north-east across the

basin. Samples from the central part of the traverse show rather variable

254

nartition in both fractions. As was the casse with Fe and several trace mctals,

sample 28GBD shows a markedly differsnt partition of Al to most other samples

in the basin. In this sample, from the central part of the traversc, thers

is a much greater percentags of HCL-soluble Al and a much smaller percentage

of acid-reducible Al than in other samples from this traversec. The increase

in HCL-soluble Al corresponds well with the high total Al in this sample.

Aluminium displays much clearer partition patterns in semplos from tho

Central Indddn Basin.

There is some increase in acid-insoluble Al in nedules from west to

east across this basin although samples at the eastern end of the traverse

do show a very wido variation in partition. With the exception of one

sample, 94KH, nodules from the central part of the traverse are much lower

in HCL-socluble Al than those from the western and sastern parts of the

traverse. The trend of HCL-soluble Al closely matches the trends in totzal Al



in the samples aloeng the traverss, Acid-reducible Al in C,I1.3. samples
tends to exhibit an inverss trend to that of HCL-soluble Al, being higher
in samples from tho central part of the basin but again wample 94KH doas
not follow the general trend, being anomalously low in acid-reducible
aluminium.

Titanium does not exhibit any clear trends in partition in the
Madagascar Basin. The percentage of acid-reducible Ti tonds to decrease
towards the north-sast but this trend is not marked. No clear trend
occurs in the HCL-soluble fraction and levels of Ti in the acid-insoluble
fraction are too low far any trend to be identified. In the Central Indian
Basin, the partition patterns of Ti along the traverse tend to be obscured
by the large variability in Ti partition in samples avan from very closely-
spaced sites and no clear trends are visible. Howsver samples fraom the
western end of the traverse contain a2 higher percentage of HCl-soluble Ti

than samples from the rest of the traverse.

(b) VARIATION IN SEDIMENT PARTITION ALONG THE TRAVERSE

Because of the larger number of samples collected in the Madagascar
Basin, trends in element partition in sediments from that basin are more
clearly defined than in those from the Central Indian Casin.

In contrast to its behaviour in nodules, Mn shows very clear trends
in partition in sediment samples from both basins. In the Madagascar Basin,
samples from the north-sast part of the traverge contain a larger percentnge
of acetic—acid soluble FMn than samples from the rest of the traverse. Tnis
trend is repeated in the HCL-soluble and acid-insoluble fractions and is
the opposife of that occurring in the acid-reducible fraction. In tha
Central Indian Basin there is a marked decrease in ths amount of acid-recucible
Mn from west to sast across the basin. Corraspondinely the percentage

of HCL-~soluble Mn increases from west to east and thers is a
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smaller increass in acetic acid-soluble Mn Trom west to east. Levels of
Mn in the acid-insolubls fraction are too low to be meaningfully discussed.

Iron beshaves similarly to Mn in the Madagascar Basin, at least in
the acetic acid-soluble and acid-insoluble fractions. In both these
fractions Fe is enriched in samples from the north—east part of the
basin, this enrichment being especially marked in the acid-insoluble
fraction. Hydrochloric acid-solubls Fe shows a slight decreasc from south-
west to north—-east across the basin but there does not appoar to be any
observable trend across the basin in the acid-rsduciblo fraction.

In the Contral Indian Basin, Fo shows no trends, but tho castornmost
sample shows a marked drop in HCL-soluble Fe and an incresase in acid-
ingoluble iron.

Cobalt shows much more clearly-defined trends in the Madagascar Basin
than in the Central Indian Basin. In the latter there is a slight increass
in acetic acid-soluble Co from west to sast but no overall trend is visible
in the acid-reducible fraction. Thoc variability in Co partitioﬁing in the
HCL-soluble and acid-insolublse fractions, which shows no trends across tie
C.I.B., is probably due at least partly to analytical variance. In the
fladagascar Basin thers is a very marked decrease in the percentage of acid-
reducible Co in ths north-east part of the basin and a corresponding increase
in the HCL-soluble Co in these samples. Cgbalt levels in the acetic acid-
soluble fraction are too low to allow sccurais interprctation. Amounts of
Co in the acid-insoluble fracfion ars higher but are very variable and
thers does not appsar to be any significant trend in this fraction across
the basin.

Nickel shows some similarities to Co in its partition patterns in both
basins. In the Madagascar Basin, Ni is much lower in the acid-reducible
fraction and higher in the HCL-soluble fraction in samples from the north-
eastern part of the traverse. Nickel dces not show any significant trencs

in the acid-inccluble fraction. In both basins, Ni values in the acetic acid-



soluble fraction ars so low that the variations in partiticn oozerwed
lis within the limits of analytical precision and are thsrsfora not
significant. In the C.I.B. Ni shows no trends in the ascid-reducible
fraction or in the HCL-soluble and acid-insoluble fractions, MNi levcle
in the latter two fractione being very erratically variable.

Copper shows slightly different parfition patinrns to thoss of Co
and nicksl. In the Madagascar Basin, Cu shows a more marked decline in
the acetic acid-soluble fraction in the central part of tho traverse than
do Co and nickel. This decrease is too large to be attributablie simply to
analytical error. Copper is also lower in the acid-reducible fraction in
samples from the north-eastern part of the basin but this decline is not
nearly so marked as that displayed by Co and nickel. In the HCL-soluble
fraction Cu shows a slight increass from south-west to north-east along the
traverse but there is no marked incrsase towards the north-cast as is the
case with Co and nickel. Furthermore, the partitioning of Cu in sample
22GCD is markedly ancmalous in tho acid-reducible and (lCL—solubly fruoctions,
this was not the caso for Co and Ni in thig sample. In the C.1.0., Cu shows
an increasein the acid-reducible fraction in the western part of tho basin
but is fairly constant along the rest of the traverse. The increasc in
acid-ingoluble Cu from west to east across ths basin is small encugh to be
accountabls for solely by analytical error. Similarly, Cu values are too
low in the acetic acid-soluble fraction for any acecurate trend to bo
assessed., Whilst not as variable as thoss of Co and Ni, Cu values in the
HCL-soluble fraction show no noticeable trends. The total Ni and Cu content
of the samples falls very markedly from west to east across the C.I.3. but
this does not appear to markedly affect the partitioning of sither element
in any of the fractions examined.

Zinc shows a very similar partition pattern to Cu in the Central
Indian Basin but nat in the Madagascar Basin. In the latter basin Zn shous

a slight decrease in the acid-reducible fraction in the north—east, but thic
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trend is not nearly so marked as that observed for Ni and Cu and some
samples, particularly sample 32GK, do not follow the trend &v all. In the
othor three fractions, Zn is very variable and shows no definite trende.

Lead shows slightly more well-cdefined trends in bcth basing thz
most of the other tracs metals. In the Madagascar EBasin,acid-reducisle PD
is much lower in samples from the north-east part of tho traverse, as is
tho case with the other trace motals. Amounts of Pb in tho HClL-zoluble and
acid-inasoluhlo fractions aro rathor varinble bul thoero is oomo onrichment
of Pb in the acid-insoluble fraction in samplos from tho north-castorn
extremity of the travorse. In the C.I.B., acid-reducible PbL is fairly
constant along the traverse but increases markedly at the western end of
the traverse. Conversely, acid-insoluble Pb increasss towards the cast.
Lovolis of Pb in the acotic acid-soluble phaso are too noar the dotnction
limit for any significant trend to be observed, end no clecar trond occurs
in HCL-sclublo Pb either.

Levels of Cd in the ssparate fractions of the sedim;nts were near or
below the detecction limit, hence no accurate partition patterns could be
identified.

Chromium does not show any major trends in partition in either basin.
In the Madagascar Basin, acid-reducible Cr does show some decrease towards
the north—east but the main feature of Cr partiticning in all three
fractions in which it was detected is its increased variability in samples
from the south-west part of the basin. In ths Central Indian Basin, samples
90KH and 94KH contain a higher percentage of acid-rcducible Cr and & much
lower psrcentage of HCL-soluble Cr than ather samoles along the traverse.
Thna sample from the western end of the traverse, by contrast, displays an
anomalously high percentage of HCL-—soluble C:z and a very low percencage of
acid-insoluble Cr. Thsre are no general trends across the basin houwever In
any of the fractions examined. Calcium is rather variable in its partiticn

especially in the Madagascar Basin. In thse acetic acid-soluble fraction
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in this basin, Ca is lower in samples from the central part than in
those towards the south-west and north—-east. In genesral, high Ca in this
phasc correlates woll with high Ca in the bulk sample which therefore
indicates the presence of carbonate material. By contrast, the non-
carbonate sediments from the central part of the basin conta;n a greator
percentage of HCL-soluble Ca and acid-insoluble Ca. No obvicus trend
occurs in the acid-reducible fraction, but ons samplo, 13GK, contains
very much more acld-reducible Ca than any of the other samples. In the
Central Indian Basin, acid-reducible Ca is highost in ths centre of the
traversse, Calcium in the HCL-soluble fraction shows a slight increass
from west to sast whilst acetic acid-soluble Ca shows a decrease from
weét to east. The sampls from the eastern end of the traverse contains an
anomalously high percentage of acid-insoluble calcium.

Aluminium doos not exhibit very clear partition trends in either
basin. In the Madagascar Basin Al shows no trends in any fraction. In the
Central Indian Basin, however, there is a fairly marked decrease in ths
percentage of HCL-soluble Al from west to east, with the exception of
one samplo. This is in contrast to a genoral increase in Al in the bulk
sample from west to east. Aluminium shows no definite trends in any of the
other fractions.

Titanium also doess not show any marked trends in partition across
either basin. However, in tho Madagascar Basin, acid-insoluble Ti docs
show a noticeable decrease from south-west to north-east across the
traverse. In ths HCL-soluble fraction, Ti is fairly constant across much
of tho basin but is slightly lower than aveorage and more variable in the
south-west. In tho acid-roducible fraction, Ti is vory variablo and shows
no tronds., In the Contral Indian Basin, Ti shows no clear troends in

partition,



(c) NODULE — SEDIMENT INTERELATIONSHIPS

The relationships, if zany, betwoen elemont partition in nodules
and sediments ars, to say ths least, chscurao,

The partitioning of the major elemonts lMn and Fo botwssha the four
Practions investigated in nodules, show no relationship at all to the
corresponding partition patterns in sediments, This also appsars to be
the case for the trace slementes Co, Ni, Cu, Zn, Pb, Cd, Cr, and Ti.

The partitioning of Ca in nodules and ssdimonts in the Madagascar
Basin shows neo interelationship. However in the Central Indian Baszin, the
acid=-reducible fraction of both nodules and sediments is higher in Ca in
the central part of the bacin and decreases towards the west snd east
whilst acid-insoluble Ca in both nodules and sediments shows an increass
in the east. There is also evidence of some correlation betwesn Al partition
in nodules and the corresponding fraction of sediments in the Centrel Indian
Basin but the correlation is rather weak and is seen primarily in the HCL-
soluble and acid-insoluble fractions. In the Madagascar Basin, there appears
to be no corrslation betusen Al-partitioﬁ in nodules and ssdimente,

A mors accurate assesament of nodule-sediment interelationships in
the various phasss is not possible because of the limitod number and
distribution of nodule samples in tha Madagascar Basin and of sediment
samples in the Central Indian Basin., In cnly very few casss wera nodules and
sodimsents recovered togcther from the same site and this requirement must
be met at many more sites across the basins for an accurate and detailed

study of interelationships betwsen partition patterns to bo ccoried out.

(v) DISCUSSION

In geoneral, the major sloments in nodules, mangenese and iron, chow no

marked regional trends in partition botwesn ths differont fractlicss in either
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basin. Tho trace metals, Cao, Ni, Cu, Zn, Pb and Cd are conlained
dominantly in the acid-reducible manganese and mixed iron-manganes
phases. They show no marked regional trends in the acid-rcducible
fraction, but they do show recgional trends in some othor fractions.
Arrienius & Korkisch (1959) and Arrhenius (1963) found. that most
of the Cu and Ni in 7 Pacific Ucean nodulos wag contoinod Lo Jho roducibilo
fraction, but that only about 50% of the total Co and 16/ of the total Pb
was present in this fraction. These authors suggest that the rest is
contained in the HCL-soluble éraction thch they regard as containing
prodominantly goethite,withclay minerals being important in some case
These findings are in marked contrast to the behaviour of Co and Pb in
nodules analysed in this study, even allowing for the fact that the
chemical attack employed in this study differed slightly from that used by
Arrhenius and Korkisch. The extréme variability of tho results of Arrhenius
(1963), the low precision obviously obtain;d for certain , and tho
small numbers of samples analysed all cast some dcubt on tho ganeral
validity of his results. Howsver, where amounts of goethite in nodules are
particularly high, greater than averags amounts of Co, Ni, Cu, Zn, Pb and Cd
may bs present in the HCL-soluble fraction. For exampls, in tho Madagascar
Bagin, Co, Ni, Zn and especially Cu and Pb show some tendency to be
enriched in the HCL-soluble fraction of nodules which contain a higher than
average percentage of HCL-soluble Fe. This high Fe probably reflects the
presence of goethite. This is particularly noticeable in sample 2Z5GB0, in
which gosthite was in fact positively identifiod by X-Ray diffraction
analysis. Novortheless, any regional trends of these trace oloments in
HCL~soluble fraction produced by renional variation in the goothito content
of nodules is likely to be partly obscured by the presencs in this fraction
of the same metals released fiom clay minerals, since these are also
extensively brokan down by hydrochloric acid.

Nodules from the C.I.B. do not show any obvious trends in trace metal



enrichment in the HCL-soluble fraction. Total Fe in these ncdules _¢
very low and therefore amounts of goethite must be very sm~"1l. Within
this basin, Ni, Cu, Zn, Pb and Cd tend to be lower in the reducible
fraction at the western end of the traverse than slseuwhere. There ic a
corresponding increase in the amounts of Ni, Cu, Zn, Cd and Pb In the
more resistant fractions of nodules at the extreme western and o the
traverse. This could be due to the proximity of the mid-Indiesn Ocean
Ridge to the west which is likely to be a source of comparatively fresh
volcanically derived material and which may have bacome incorporated in
nodules. This material is likely to be fairly resistant to chemical attack
and to be relatively enriched in some trace motals.

Trends in element partition in sediments from the C.I.B. are also
rather unclsear. Manganese shows a marked decrease in the acid-reducible
fraction from west to east acrecss the basin and the trace metals Co, Ni, Cu,
Zn, Pb and Cd all reflect this trend. However, if the trend in bulk
composition is examined it can bs seen that the pattern of decreasing acid-
reducible Mn closely follows the dscrease in total Mn across the basin and
that the total amounts of Co, Pb and especially Ni and Cu follow the samc
trend, although Zn doss not. In view of the docreaso in total [In, and since
much of the Mn in these sodiments is present as acid-reducible manganese-
micronodules the trend shown by Mn in the acid-recucible fracticn probably
represants a docrease towards the cast in the micronodule contont of the
sedimonte rather than Mn being incorporated increasingly in a non-roduciblo
fraction towards tho east. This would also explain tho obscrved trends of

e metals

193]

Co, Ni, Cu, Zn, Pb and Cd in the acid-reducibls fraction since the
are likely to be enriched in micronodules. Thus it seems that micronodules
are more abundant in sediments towards the west of the Central Indian
Basin than elseuwhere in it.

Manganese behaves slightly differently in Madagascar Basin sediments

to its bshaviour in the C.I.B. For example, it shows & trend of enrichment

Y



in the more resistant fractions of sediments from the northernmost part
of this basin. This part of the basin is in close proximity to the active
volcanic centres along the Rodriguez Ridge. Sediments at the northern =nd
of the traverse therefore are likely to be receiving increased guantities
of relatively fresh volcanic detritus. This material may be the source of
comparativoly high levels of Mn in the more resistant fractions of thege
sediments.

Another feature of the partitioning of [Mn in Madagascar Casin
sodiments is its enrichment in the acuéic acid-soluble fraction. of camples
which are comparatively enriched in total Ca. This Ca ic Llikaly to Lo
present mainly as carbonate. Acetic acid-soluble Mn may therefore be
present predominantly as very thin oxide coatings on carbonate tests. This
would be released whon the tests dissolve in tho acetic acid attack.
Horowitz (1974) found that a substantial amount of tho total Mn in somo
Atlantic Ocean surface sediments was present in this form. Some [n may
howsver be actually incorporatod within the carbonate lattice rather than
ags an oxide coating.

The partition patterns of the traco metals Co, Ni, Cu, Zn, Pb, Cd, Cr
and Ti in the HCL-soluble and acid-resistent fractions of sediments and
nodules must reflect in part the mineralogy of these phases. A major
compconent of the more resistant phases of sediments and nodules is likely
to be clay minerals. Chester & Hughes (1967) shouwed that different clay
minerals are susceptible to selective chomical attack to different degrees.
It is likely that clay particle size also  has an effect on the suscoptibility
of these minerals to chemical attack, although it is not clear to what
extent this is an important factor. Since the clay minerals are alumino-
silicate-rich the partition patterns of Al are likely to be a good gquids
to the amount:of clay minerals released from ths samples by a p;rticular
attack. However the partition patterns of Al across both basins do not shouw

any marked trends. Nevertheless, in the Madagascar Basin, onc nodula,
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sample 25GBC, which contains high total Al has a very high parcentage of
this element in the HCL~soluble fraction. Iron is also anocmalously high

in the same fraction in this sample and whilst this is thought to be dus
mainly to the presence of goothite, it may also indicatn thn presence of
an iron-rich nontronite. Arrhenius (1963) found that Fe-rich nontronite
was soluble in HCL and a nodule containing comparatively large amounts

of this mineral gave similar partition results to sample 25GBD. The
possible presence of appreciable amounts of this mineral in sample 25G2D
might psartly account vor the anomalously high percentage of Co, Ni, Cu, Zn
and Pb releasod in its HCL-soluble fraction.

In conclusion, it seems that in nodules, Mn, Fe and the trace metals
may exhibit trends in partition in the more resistant fractions but the
amcunts present in these fractions are so low compared to those present in
the acid-reducible fraction that analytical variance may well mask the
trends. In sediments Mn, Fe and the trace metals tend to be partitioned a
little more evenly between the various fractions but the total of these
elements present are much lower and thus again analytical variance may mask
all but the more pronounced trends. The fact that few very pronounced
trends were obsorved indicates that Mn, Fe, Co, Ni, Cu, Zn and Pb tand to
be sresent in roughly the same proportions in the various fractions in most
samples from the same general type of environment. However, differences in
the mineralogical content of nodules and differences in the sources of

sediments are reflected in partitioning of both major and minor elements.



REGICNAL GEOCHENMISTRY

A brief discussicn has oeen given in Section 3 of the variation
in compogsition of Indian Ocsan ferrcmanganese—oxicde depocits using

thres—component scatter nlotg. In this ceciion the regional varialiion

of these deposits is examinzd Dy means of plotiing the datc on
bathymetric mans of the Indisn Ocean. Yary few camples werce ootained
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East Ridge manganese values are somewhat lower but arc still in excess
of the Indian Ocean average. By contrast nodules from the basins of the
west and south-west Indian Ocean have Mn concantrations which are
generally slightly below the Indian Ocean average. The ares oif ths
south-eastern coastline of South Africa is characterised by nodules and
encrustations of very variable composition and Mn concentrations reach

a maximum of 36.5% in one particular nodule sample, however the averane
Mfin content of these samples is only slightly above the Indian Ocean
average (see Table 11).

In order of increasing Mn content of samples the Mogambiquc,
Madagascar and Crozet Basins are the lowest, containing only about the
same levels of Mn (11 - 13%) on average as mid-ocean ridqe samples (see
Table 11). Samples from the Arabian, Somali and Wharton Basins contain
about the same levels of Mn as the Indian Ocean average of 15% whilst
samples from the Mogambique Channel and elsvated areas off tho South
African coast are slightly more enriched again, averaging 16.5 — 17.5/0n.
The maximum enrichment in basin samples occurs in the Central Indian
-Basin where Mn averages about 22%.

Nodules and encrustations from the mid-ocean ridge $ystem are
lower in Mn on avsrage than samples from every other region of the
Indian Ocean with the exception of the fMlogambique Basin, Encrustations
from sea-mounts whilst averaging only about 13.5% Mn are nevertheless
richer in Mn than mid-ocean ridge samples and in a few instances,
particularly in the Somali Basin, sea-mount samples are comparativoly
gnriched in Mn, containing higher levels than in nodule samples from the

surrounding basin itself.

The regional variation of Fe tends to be roughly the reverse of
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that exhibited by Mn (see figures 63 and 64). Thus Fe is lowast in
Central Indian Basin nodules where it averages well under 105 and is
as low as 5% in some samples. Iron values are also well below the
Indian Ocean average of 15% in the Wharton Basin, where the average

Fe content of samples is slightly over 11/. Iron values arae only
8lightly higher in’ the Mogambiquo Basin. In the Crozet Basin and in
the plateaux regions off South Africa, average Fe values are very near
the Indian Ocean average whilst in the Madagascar Basin and flogambique
Channel average Fe values, at just over 16%, ars slightly hi9h5¥ than
the average for tho whole ocean. Sea-mount samplos tend to be highor in
Fe than samples from all of the ocoan basins, avoraging over 174, but
the highest average Fe values Tound'in the Indian Ocean occur in mid-
ocean ridge samples which have an averags Fe content of just less than

20%.
Nickel

Nickel shows many similarities to Mn in its regional variation. The
highest Ni values cccur in Central Indian Basin samples (see figure 65)
where Ni averages almost 1%. High Ni values also occur in samples from
much of the Uharton Basin. Ths southern part of ths Arabian Basin is also
characterised by samples with high Ni values but the basins of the Western
Indian Ocean generally contain samples of only intermediate Ni content.
Somali Basin samples average just under 5000p.p.m. Ni, mbout the same as
the Indian Qcean average, however Ni is rather lower in the Crozet,
Mlogambique and Madagascar Basins, averaging less than 2500p.p.m. in the
latter.

As is the case with Mn, the marginal areas of the south-west Indian
Ocean are charactsrised by samples of very variable Ni content. Samples

from the Mogambique Channel are enriched in Ni averaging over 7500p.p.m.
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and samples from the Agulhas Plateau region, whilst displaying a wide
range of Ni values, novertheless also show some overall enrcichment in
Ni,

By contrast, ssa-mount samples are gensrally low in N; averaqing
only about 2700p.p.m., slightly over half the Indian Ocean average.
The lowest Ni values in the Indian Ocean gensrally occur in mid-occan

ridge samples, which average less than 2000p.p.m. Nickel.

Coppax

The regional variation of copper (figure 66) closely follows that
of Ni, but Cu shows a greater range of values than does Nickel. Coppec
is highest in the Central Indian Basin, where it averagss about 1%, thrce
times the average Indian Ocean value. Copper is also enriched in the
Wharton Basin, particularly in the Central part of the basin, but overall
Cu averages less than 5000p.p.m. in thig basin. Copper is gonerally lower
than the whole ocean averago in all the basins of the west and couth-uwest
Indian Ocean ranging from almost 2500p.p.m. in the Somali Jacin samplos
to 1500 to 1700p.p.m. in the Crozet and Mogambigue Basina. Like Ni, tho
lowest values for Cu in basin areas of the Indian Ocoan occur in th
Madagascar Basin whoere Cu averages less than 1200p.p.m. Copper shows no
marked enrichment in samples from the Mogambique Channel, the platooux i
southern Africa or from the southern Arabian Dasin and in these nrocas
therefore, the regional variation of Cu differs from that of Nickel

gncrustations from sea-mounts and the mid-ocean ridge system arc
markedly depleted in Cu, averaging less than 1000p.p.m. Copper shows small
differences to Nickel in thess environments also, being more depleted in
sea-mount samples than mid-ocean ridge samples, this is the reverse of the

behaviour of Ni in samples from these two tynes of environment.
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Zinc

There is less published data for Zn in Indian Ocean Tezrromenganese-
oxides than for the elements already dealt with and concoguently ougicnal
trends in Zn values oannot be examined in as much detail as those of ths
elements so far discussead.

It is obvious from figure 67 that Zn tends to follow Ni end Cu in
its regqional trends, thus Zn is highest in Central Indian Basin nodules,
averaging over 1100p.p.m. Zinc valuas-in the Wharton Basin are only
slightly over 700p.p.m., which is the whole ocean average. Zinc valucc in
the Madagascar and Mogambigue Basins average less than 5C0p.p.m. and are
thus sven lower than Zn values in mid-ocean ridge and ssa-mount samples.
This is rather different to tho behavicur of Ni and Cu in samplec from
those areas. The Somali and Crozset Basins.- have Zn valucs aboul GGOp.p.m.

which is only slightly boalow the Indian Ocean average. By contvast, U

Mogambiqun Channol arca is characterisod by Zn values woll over Pellobla
almost as high as tho Contral Indian Basin averagoe. A similor enc chimonl
was shown by Ni in samplos from this aren but Cu did not show eimilor

cnrichment. Cncrustations from ceca-mounts and tho mid-occean ridgn aygton
averaged only slightly above 500p.p.m., considorably less than Lhe w

ocean averago.

Cobalt

The regional variation of Co (figure 68) tends to be the roverss of
that observed for Ni and Cu. Thus the lowest Co values, averaging cnly
about 1100p.p.m., ace found in Central Indian Basin nodules. Cobalt values
are also less than 1500p.p.m. in the Mopambicque Channel and Basin and in
the Somali Basin. In the Wharton and Crozet Basins Co values are above

1700p.p.m. but still well below the Indian Ocean average of over 2200p.p.m.
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fiadagascar Basin samples are high in Co compared to othcor cccen basin

areas and the average Co valus of 2500 p.p.m. is above the wiole ccean

average. Ihe plateaux off southern Africa are alco g s Ly
samples with slightly above average Co volues. Samplus il =0
ridgo system howecver, although frem generally elocvaied sites, VaDnGe
Co values of about 2000 p.p.m. and are thus below the Incisn av

Sea-mount samplss on the other hand are high in Co, gaerticulariy in th

Somali Basin, and their average Co values are about twice the ocean rage,

almost 4500 p.p.m.
Lead

luch less data is availiable for Pb than for Co but from that

available it can bs sean that this element shows rcughly the same patteron

[

of regional variation as Co, the amount of variation howsver rathse

less extreme. The lowest:Pb valu?s occur in the Centrzl Indian Basin and
fMogambiqus Channel where average Pb levels arc little more tihen hal? il
Indian Ocean average of 1000 p.p.m. Slichtly higher Pb values are oin
the Somali and Wharton Basins, values averaging between 700 and 900 g.o.ma,
Crozet and Madagascar Basin samples contain levels of Phb about that of the
Indian Gcean average whilst Mogambique Basin samples are sliohtly

enriched in Pb, averaging 1200 p.p.m. Samples from the plateau zreas off
southern Africa ars similarly enriched in Pb but the greatest Pb enrich

are found in sea-mount samples, where Pb averages 1600 p.p.m., and may e
high as 2500 p.p.m. As is the case with Co, no Pb enrichment occurs in nid-
ocean ridge samples even though these wers from predomipantly elevated arecs

Average Pb values in mid-ocean ridge samples are in fact only a little aver

800 p.p.m. and are therefore bslow the Indian Ocean avecrace.
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Calcium

Pad
T TOm

Calcium shows no marked regionzl tronds and varies little
basin to basin (soo figure 70). Of the hasin areas howcver, the Crozet
Basin tonds to exhibit slightly higher Ca values than samnsles from otioo
basins. Samples from this basin were recovered from an average dspth of
4600m. This is only marginally below the lysaocline at the latitudss
occupied by this basin (ses figure 9) and much nearer this Eoundary than
many of the samples in other basins. [uch of the Ca in these samples may
therefore occur as carbonate.

The highest Ca velues om average, occur in samples from the
Mogambique Channol, southern Africa plateaux regicns, isolatced sea—mcunts
and the mid-ocean ridge system. These are elevated areas well above the
lysocline and the enrichment of Ca in thess samples may thersfore be dus ‘o
the inclusion in the samples of carbonate or calcium-rich phosphori
material, since these tend to occur characteristically in shallow water

areas rather than deep water basins.
Aluminium

Aluminium shows no regiocnal trends, samples from all basin areas
showing a wide range of Al values (see figure 71). However whilst samplsas
with high Al contents occurred in all areas, those wiih very low Al contents
were confined to elevated areas, particularly sea-mounts. Thus basin areas

generally have average Al values above the Indian Ocean average and elevated

ot

areas have average Al values below the Indian Ocean averags. The Al conten

=

b

of samples largely reflects the amount of diluting aluminosilicate materia
present in the samples which will be greatest in sediment-covered basins. It

is therefore not surprising that Al does not show trends comparable with

those of the other elements investigated, since these are incorporatod
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predominantly in the authigenic oxice phases.

Cadmium. Chromium and Titanium

No rsalistic assessment of ths regional variations of Cd, Cr oo 71
could bo carried ocut since only 27 samples from only two diffoennt basins
were analyséd for these elements. Some comparison betwsen che two basins
can be made howsver, using the data in Table 11, Cadmium =nd Cr tend to.
be higher on avorage in the Central Iﬁdian Basin than in the [ladagascar
Basin but the differsnces are rather too small to be ascribable to any
particular cause. Madagascar Basin samples however contain an average of
over 1% of Ti, over three times as much as the average Ti valuc of
Central Indian Basin samples. The high Ti in Madagascar Basin samplaes is
ascribable to the volcanic influencc of the south-west Indian Ridge upon

the bottom environment of this basin, as has already booen discusscd in

Section 5.



SECTION g

In this ssction, variocus aspects of the work described will be
ciscussed. These include the regionzl geochemistry of the major and minor
elements in ferromanganmese oxides, and the influsnce on nodule composition

~

of element™ scurce togetner with that of the minsralogy of the oxicc

ohases.

(i) REGIONAL GEOCHEMISTRY

It has already been shown <.zt the minor elements Co, Ni, Cu, Zn and
Pb are associated predominantly with the authigenic oxide phase ol ferro-
manganese oxides, thus an understanding of the rcasons for the regional
variations in Mn and Fe content of these deposits is of primary importance

in understanding the variation in overall composition.

(a) Maior elements: Source Influences

In the marine environment Mn and Fe possess different degress of



mobility (Krauskepf, 1957). Thus whilst these elements cccur in intimate
asscciation in marine ferromancgansse—oxides, their regional varietiocn in
these deposits is likely to be aPfocted to differsnt degrecs by the
proximity of deposits to major sources of theso elements. The source of
the Mn and Fe in marine ferromanganese-cxides has been & subjsct o7
controversy sver since these deposits were first discovered by the
Challenger Expoedition. Murrey (Murray & Renard, 1891) considered that the
Mn had a chiefly volecanic origin whilst Renard (op. cit.) suggested that
most of the manganése was derived from continental run-off. Volcaniam or
alteraticn of the sea-floor baéalts has been suggested as a metal source by
Arrhenius et al, (1964), Arrhenius & Bonatti, (1965) and Bonatti & Nayudu,
(1965), whilst Goldberg (1954) and Goldberg & Arrhenius, (’1958).f‘avoured
a continental source for both major and minor slemonts.

‘Several workers have shown that Fe and Mn can be leached from hot
basalts by sea-water, (Corliss, 1971; Wilkniss et al, 1971; Fein % fergonstizin,
1973). Bostrom & Peterson (1966) suggested that appreciable amounts of Fe
.may be supplied to the sea-floor by this process whilst Elderfigld (1976)
argued similarly for manganese. From investigations carried out on the Zasc
Pacific Riss, Lyle (1976) also aragued that hydrothermal Mn introduced at
oceanic spreading centres should be considered cne of the major sources of
Mn to the oceans. Such processes are thought to have given rise to the
rapidly—~precipitated Mn—~rich and Fe-rich deposits which have been found
associated with spreading centres in the Pacific and Atlantic ocsans

(Bonatti & Josnsuu, 19663 Scott et al, 19743 Moove & VYogt, 419763 Cu

13

natt
Piper, 1977). However, this type of depasit, in which the Mn and Fe havc
precipitated out rapidly nsar the source of supply, appears to be Tairly
uncommon, and none have so far been reported from the Indian Gcecan 21t o)
such a deposit has been reported from the Gulf of Aden {Cann et =1, 1977).

fMuch of the Fe and Mn supplied from active ridge systems must thercforc

migrate greater distances before being ra-precipitated. Iron is present In



much larger amounts in marine basalts than Mn and experimental nching

Fe . .. -
n ratio of 5 or

of basalts by sea-water produces solutionc with an
greater (Wilkniss &t al, 1971). A graeter supply of Fe compe n
to the oceans at the ridges, combined with the lack of mohility oi e
comparad with Mn in the marine environmaent, would explain the obgervaiion
that Fe predominates over Mn in samples from the mid-Indian Ocuon ridge
in 5 . = +
system. Low = /Fe ratios were also observed in samples Trom sea—nounts and
other elevated areas whzre extensive areas of basslt are exposed to ccean
water indicating that Fe may be supplied to samples in such arsas by sub-
marine weathering of basalts. According to the above hypothesis, with
_increasing distance from the mid-ocean ricdge a decrease in fe content of
] . Mn 3 -

samples and consequent increase in  /Fe ratio should ocour. Samples from
basin areas in the Indian Ocean do in fact have lower Fe contents and
. fin . o . . . ’ .
higher ' /Fe ratio than samples from the ridge system {s=e figure 72).
] S 5 . Mn - .
However, the variation in average Mn and Fe content and  /Fe ratio
between the various basins is considerable and needs further explanation.

Price and Calvert (1970) and Calvert and Price (1977) suggest that
diagenetic remobilisation of fin is an important source of this slement
growing nodules in several regions. In areas near the continents, undergoing
fairly rapid sedimsntation, large amounts of carbonaceous materisl =2re
incorporated in the sediment column, producing reducing conditions ai
shallow depth and causing reduction and remobilisation of Mn within the
sediment. In such environments nodules are considerably enriched in fin a

A i< I . . 3
have high = /Fe ratios (Mero, 1965; Price & Calvert, 1970). In visw o
particularly rapid sedimentation occurring in most continental margin arcss
of the Indian Ocean, nodules are likely to be rather uncommen there. 07 ti
that have been recovered and analysed in this study only one displayscd a
. Mn . . 2 [N Y o~
n content and  /Fe ratio. It appears therefore that the process of
enrichment of Mn in continental margin nodules, described by Price & Co vt

>

may not be an important factor in many of the areas from which ths nodules

)
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FIGURE 72 l\]n/li‘e ratios of Indian Ocean ferromanganese—oxide deposits.
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analysed in this study came. According to Price and Calvezrt (1970), diaganstic

15}

remcbilisation also occurs in slowly accumulating cediments in pelagic zrea
which lie beneath regions of high surface biolcgical proguctivity. This re-
mobilisation is facilitated by the reduction of Mn in the sediment column by
the comparatively large amounts of carbonacecus material uwhich havs bacome
included in the sediment. Aceording to these authors, the {in - rich nodules in
the equatorial north-east Pacific (Horn et al, 1973) have been enriched in n
by this mechanism. However Bender (1971) and Elderfield (1976) have shawn that
remobilisation of Mn in the ssdiment column does not seem likely cn the sort
of scale and cver the sort of distances which would appear necessary if the
Price and Calvert theory of Mn enrichment of rodules is totally correct.

In the Indian Ocean an area of nodules of very similar composition te
equatorial north-east Pacific samples occurs in the Central Indian Basin.
Unfortunately, no buried sediment samples in this basin were analysed from
sites at which surface nodulss were also recovered. However a comparison of
buried and surface sediment at two other sites in this basin revealed no
marked increase in the Mn content of the surface sediment which would Ee
expected if Mn were being remobilised and re—oxidised near the sediment—wator
interface.

Calvert and Price (1977) suggest that Pacific Ocean ferromanganese—oxicos
precipitated directly from ssa-water have mn/Fe ratios of approximately 1.0
and that nodules with a mn/Fe ratio of greator than 1.5 have reccived
substantial amounts of FMn from the underlying sediment by diagenetic zo-~
mobilisation. Average mn/Fe ratios in the Indian Ocean are generally lawer
then thase of the Pacific., This is probably because Fe tends to predomninate
over Mn in volcanic areas, since it appears to be supplied in greater amounts
by volecanic and hydrothermal sources, and volcanically active ridne areas are
a much more prominent feature of the Indian GOcean than of the Pacific Ocean.

Only three areas of the Indian Ocean were observed %o have sanples with an

M . . . - . .
average  /Fe ratio much greater than 1.0, these were the Central Incian Sasin,
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~

the Somali Basin and the Wharton Basin. Only two ssmples wersz-anaclyszd from
the Somali Basin, However both came Trom locelities where ssdimentation ralos

are fairly high, and at one of the sample sites (D.5.D.P. site 234) recducing

(<2

conditions, indicated by the presence of pyrite, were present at fairly
shallow depth (Fisher,Bunca et al, 1974). In the Wharton Basin again only cnc
station was occupied at which information about the sediment at depth could
obtained., At this station, RC14/49, the composition of the burisd sedimant
compared with that at the surface and thé presence of a buriod nedule indicate
that if Mn is being remcbilised at depth much of it must be re-oxidised well
bafore it reaches the surface. Cores from Dts.D.P. sites elssuhsre in the
Wharton Basin all show well-oxidisod sediments at depth (von der Borch and
Sclater, 1974). Although very little data is available therefore, that which
is available dces not provide any evidence to indicate that [n is being
supplied to the surface sediments in this basin by remobilisation from depth
in the sediment column. As already discussed, a similar conclusion was

reached for Central Indian Basin sediments. In visu of this and the more
detailed work of Bender (1971) and Elderfield (1976) remobilisation of Ma from
depth is not regardsd as a significant source of Mn to Mn-enriched nodules,
except perhaps in scme continental margin arsas.

If diagenetic remcbilisation cof Mn is not an important factor in
influencing the composition of pelagic ferromanganese-oxide deposits then some
other mechanism must be proposed. Greenslate et al (1973) suggest that marine
organisms are an important source of Mn in areas of high surface biological
productivity since these organisms are able to incorporate transition metals
in their tests and/or soft parts. These metals are released into botiom
waters when the organisms sink upon death and begin to decay and dissolve at
depth. Piper and Williamson (1977) suggest that this biogenic supply of Mn
has been a principal factor in the production of Mn-rich neodules beneath tha

equatorial zone of high biolcgical productivity in the north-east Pacific,

However Greenslate et al (1973) have shown that “he Fe content of marine
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organisms is at least an order of magnitude higher than their lin content ‘and
if these organisms form the major supply of Mn to nodules in certain areas
then some mechanism must be operating which inhibits the increased supply

of iron. In fact an important factor of the eguatorial Pacific PMn-rich

nodules is that they are particularly low in iron (lero, 1965; Cronan, 1967).
Central Indian Basin Mn-rich nodules are also very low in Fe; and in the case
of Somali and Wharton Basin samples Mn values are in fact only about the same
as the Indian Ocean average and it is the low Fe values in these samples which
give them high mn/Fe ratios, In view of the fact that the chemical composition
of ferromanganese-oxides, as usually expressed, forms an example of variables
equalling a constant sum (Chayes, 1960), then a reduction in the supply of Fo
to accreting samples will on its own partly account for higher Mn content.

A process whersby available Fe is actively removed from the bottom
environment in certain areas must therefore be envisaged in order to account
for ths presence of manganese-rich nodules. Such a process was put forward by
Lyle et al (1977) to explain the.low Fs content of nodules from the Bauer
Basin of the eastern equatorial Pacific. They suggested that ferromanganesc
oxides precipitate out from normal sea-water with anmn/Fe ratio close to 1.0
These colloidal precipitates react with opaline silica in the accompanying
sediment, leading to the formation of an Fe-rich smectits and liberating the
Mn, which is incompatible with the smectite and which is therefore available
for incorporation into nodules. Lyle et al (op. cit.) also suggest that trace
metals such as Ni, Cu and Zn, which may occur in the biogenic opaline silica
in relatively high amounts (Greenslate at al, 1973), may be released during
this process and may subsequenitly become incorporated in the Mn phase of

accreting nodules. The reaction process may be summarised thus:=—

Opel(Cu, Ni, Zn) + Fe-MnO(CH) —> Fe - smectite + todorokite (Cu,Ni, Zn)
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This process, which is thought to occur at or near the ssdiment-water
interface could explain why Mn, Cu, Ni and Zn-rich nodules have been found
in the Pacific Ocean concentrated on areas with a highly siliceous substrate,
The largest areas of siliceous ooze sediment in the Indian Ocean occurs in the
Central Indian Basin. Interestingly, the nodules from this siliceous ooze
area are higher in Mn, Cu, Ni and Zn and lower in fe than nodules from any
other localiiy in the Indian Ocean and are very similar in composition to
Pacific Ocean nodules lying on similar substrate. The Wharton Basin also
contains areas of siliceous coze sediment although its occurrenc; in ths basin
is rather mors patchy than in the Central Indian Basin. As a consequence Cu
and Ni values are appreciably higher and Fe valucs appreciably lower than the
Indian Ocean average although these trends ars not nearly so marked as those
of Central Indian samples. Of the Wharton Basin samples analysed, only
two wera from localities with a highly siliceous substrate. The MH/FE ratio
of these samples, 1.75, was noticeably higher than the avdrage value for the
whole basin (1.32). None of the Somali Basin samples had a siliceous substrate
and fin, Ni, Cu and Zn values werse very near the Indian Ocean averago in these
samples. |
The process outlined above could explain some of the compositional
variations observed in nodulss from basin arceas of the Indian Ocean. Howover
in the Crozet, Madagascar and to a lessor extent the Mogambiquelaasins
nodulos occur with Mn/Fe ratios appreciably less than 1.0 and whosc
compositions show more affinities with samples from the mid-ocean ridge system
than the basin areas of the eastern Indian Ocean. This trend is most marked
in samples from the Madgascar Basin. As already discussed, a marked feature of
the bottom environmment in this basin is the bottom current formed by the north-
westerly movement of Antarctic Bottom Water., This current flows into the

[ladagascar Basin via the south-west branch of the mid-Indian Ocean Ridga and

it is postulated that an extension of the Fe-rich ridge type of deposit has

developed in the Madagascar Basin because of the ability of this current td



transport Fe-rich material, psrhaps in colloidal form, from thas ridge aroa
down onto the basin arsa.

Although overall the Crozet Basin samples have a low mn/Fe ratic thoy
can be divided into two groups. The first consists of samples from the
northern part of the basin near the mid-ocean ridga system (see figure 77).
These have a louw Mn/Fe ratio (0.70) and it soems this might be due to their
proximity to the Fe-rich ridge environment. It must be pointsd out howesver,
that bottom currents in this area do not appear to bses in a direction
favourable to transport of material Froﬁ the ridges to the basin floor, but’
rather in the opposite direction. Basalt may be exposed on the sea-floor,
howevor, and be available for alteration. Tho othar group of Crozet Basin
samples come from the southern part of the basin, much further from the
ridge. These samples have an mn/Fa of 1.0 and do not show any indication
of Fe-enrichmsnt from volcanic sources.

The reason for ths low mn/Fe ratio of Mogambique Basin samples ic less
clear. Bottom currents in this basin flow in a direction which would snom to
preclude any supply of Fe from ridgo environments. Howevar this basin rrcoives
much of its sadiment from continental run—-off and this material is much more
enriched in Fe than Mn (Manheim, 1965). This may lead to enhanced amounts of
availeble Fe in the bottom enviromment of this basin. The iron-rich nature of
continental run-off and the observation of Krauskopf (1957) that Fe
precipitates out before Mn as continental run-off snters the ocsans could
explain the extiremely high Fe content and low Irvm/Fa ratio of samples collectec
near the African coast in the Mogambique Channsl. Similar observations and
ccnclusions have been made for Pacific Ocean samples from comparable areas by

Manheim (1965) and Mero (1965) and for the Atlantic Ocsan by Cronan (1975).

(b) Major elements: Mineralonical Influences

According to Calvert and Price (1977) and Lyle et al (1977) "normal"
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marine ferromanganese—-oxide deposits consist of an intimate mixture of
manganese and iron oxides with an overall mn/l-'e ratio of approximatoly 1.0

and with § —NnO2 as: the major Mn-bearing phase., In many cases, because of the
high background fluorescence produced by the poorly crystalline material, it is
not certain whether appreciable amounts of a discrete, crystalline Fe phase are
present in samples where the mn/Fe ratio is about 1.0. However in samplses where
the Fe content is appreciably higher that the Mn content goethite is often
identified. According to Burns and Brown (1972) the presence of an active
surface of FelOH of small particle size acts as a catalyst to Mn oxidation and

4+ . -
oxides

a ferromanganese-oxide deposit accumulates by deposition of Mn
epitaxially intergrown with the Fe oxyhydroxides (Burns & Brown, op. cit.).
These authors further suggest that abundant Fe in ferromanganese—oxides may
reduce the capacity of the Mn-oxides to incorporate trace metals, destroying
potential sites for these by '"clogging" of the sites with Fe00H. As can be
seen from Table 10, samples high in Fe tend to have much reduced trace metal
contents.

According to Crerar & Barnes (1974) the more highly-oxidised Mn oxide!
S—Mnoz tends to occur mainly in samples from elevated areas such as the mid-
ocean ridge system and sea-mounts, where gsadimentation rates ars low or zero
and where conditions are thought to be highly oxidising. A similar observation
was also made in the present study. If the hypothosis of Burns:& Brown (1572)
is correct, i.e. that active Fe oxyhydroxidos catalyse the oxidation of

divalent Mn, then this may explain the observation that §-Mn0, —-rich samples

2
contain much more Fe on average than todorokite~rich samples (see Table 8) and
that they occur predominantly in regions such as the mid~ocean ridgs and sea-~
mounts where.there is an abundant supply of iron. Thus the abundance of Fs

may be equally as important a factor as the degree of oxidation of the
environment in determining the mineralogy of the Mn phase,. Tﬁe importance of

Fe in this respect was also noted by Lyle et al (1977), who suggested that in

environments where the supply of Fe was much reduced, such as in areas with a



highly siliceous substrate far—removed from active ridge creat arcas,
abundant todorokite was abls to develop. A similar cbservation was also
made in the present study, the most todorokite-rich, Fe-poor samples being

Tound on a siliceous substrate in the Centrzl Indian Basin.

(c) Minor elements

The minor elements Co, Ni, Cu, Zn and Pb are associated pradominantly
with the authigenic oxide phase of marine ferromanganase oxide daposits.A
Thus whilst the sources of these metals will control ths amounts which are
available for incorporation into the deposits in a given area, the noture of
the oxides themselves and their capacity tc accept these metals must be a
major influence on the minor metal content of marine ferromanganese—oxides.

The volcanic contribution of Co, Ni, Cu, Zn and Pb te the total budget
of these metals in the oceans is not known. According to Corliss (1971), Co,
Cu and Pb ars all leached from basalt by sea-water and Bendcr et al (1972)
found that much of the Pb in sast Pacific Riss sediments was of volcanic
origin. Sclater et al (1976) do not regard active ridges as being major
suppliers of Ni to the ocmans. Boyle {pers. comm.) has reached similar
conclusions for Ni and for Cu, finding that in pelagic arsas a major supply of
Cu to the surface waters, thus to the total budgst, is asolian dust.

In the present study Co and.Pb were not found to bo snriched in mid-
ocean ridge samples sven though the mineralégy of the {In phase in these samples
is favourable fo£ their enrichment. This indicates that active ridges may not
be an important source of Co and Pb to ferromanganese—-oxidss. Houeuér, the lou
trace metal content of ridge samples may simply be due to their accumulation
at a Taster rate than samples from elsewhers in the ocean, this faster growth
rate reducing the amount of scavenging of trace metals by the authigenic
oxide phases.

The minsralogy of ocean ridge ferromangansse~oxide deposits,being



293

enriched irls—ﬂnoz precludes any enrichment of Cu, Ni and Zn in these
deposits even if these metals are being supplied extensively Iin ridge areas.
The importance of such supply of these metals to the deposits cannot there—
fore be assassed readily. Whatever tha ultimate source of Cu,.Ni and Zn
hoyevcr, an important role in their cycle in the oceans and their transport
to botiom waters is played by marine organisms (Sclater et al, 1976;
Greonslate et al, 1973; Piper & Williamson, 1977).

The small amounts of traée metals which these organisms contain in
their soft and hard parts are gradually released as the organisms sink ~nd
decay upon death. In the case of siliceous organisms, rcleasse of matals
from the test is likely to be slow and may occur predominantly after the test
has reached the sediment-water interface since siliceous organisms are much
less soluble in deep ocsan water ‘than those with carbonate tests. Below the
lysocline, carbonate organisms are likely tﬁ be extensively dissolved and
areas bslow the carbonate compensation depth in.araas of high biological
productivity are likely to have bottom waters particularly enriched in metals
from the dissolution of carbonate organisms. Large-scale fluctuations in the
amounts of trace metals in bottom waters might thus occur from region to
raglion.

Notwithstanding the possible importance of organisms in transporting
metals to the sadiment-water interfacse, over the Indian Ocean as a uwhole the
variation in trace metal contsnt of ferromanganese oxides can be accounted
for mainly in terms of a mineralogical control. In Section 5, todorokite—
rich nodules from the Indian Ocean were shown to be enriched in FMn, Ni, Cu
and Zn compared wiU18—Nn02 ~ rich samples, which are enriched in Fe, Co ancd
Pb. The enrichment of Cu, Ni and Zn probably occurs at 1least partially
because these metals are able to substitute for divalent Mn in the todorokite
lattice. 8y contrast, Co can readily substitute for tetravalent Mn ions but

not for divalent fn, and 1s thus enriched in8-$km2. Lead is also enriched

in 81Nn02 - rich samples but the mechanism of its incorporation is not known
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since its large ionic radius makes it unlikely that it can readily sub-
stitute for tetravalent manganess.

It is evident from the preceding discussion that Cu, [li and Zn en-
richments afe characteristic of nodules containing abundant todorokits and
having a low Fe contont. In arons uwhore todorokite-rich, o-poor campleso
are found and where Cu, Ni and Zn are being supplied in ecnhanced omounts
then extreme enrichment of these elements occur. All these conditiaons are
met in the siliceous ooze area of the Central Indian Basin and extgeme en—
richments of Cu, Ni and Zn occur in nodules from this area. In other araas of
the Indian Ocean, where one or more of the above'conditions is not met, ecn-
richments of Cu, Ni and Zn are not marked. At the other extreme to Central
Indian Basin nadules are samples which are rich in S—Nnoz. These are often
recavered from sites where there is little or no sediment cover and whecre the
supply of Fe is high. These deposits are depleted in Cu, Ni and Zn but are
enriched in Co and Pb. Thus thers is a continuous series of deposits
occurring in the Indian Ocean with compasitions ranging between the twe
extremes (Figures 19 - 27). This series is summarised in Table 19.

No attempt has. been madse in Table 19 to account for deposits from the
several , limited areas mentioned in Section 8 wherse tho behaviour of Ni and
Cu differ substantially from normal. Taking into account the bshavieur of Ni,
Cu values are only about half of what would be expected, in the following
regions; the Arabian Basin, the Mogambigue Channel, Southern African Plateaux
regions and isolated sea-mounts. With the exception of the Arabian Basin,
thesa are all elevated areas with average depths of about 3000m. or less. In
Section .5 a theory of biological fractionation of Cu from Ni was proposed to
explain the lack of corrslation of these metals in a suite of samples from
éhe nozth—west Indian Ocean. This theory, that Cu is much %ower in shallou
water samples than would be expected becauss of its greatar uptake into
marine organisms, may account far the low Cu content of samples from all the

N

anomalous -areas except the Arabian Basin. The anomalous area in this 3asin is
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delineated entirely by samples analysed by other workers. 5incec no samples

n the present study came from this area, no work was done on it and the

I

sagons foz the anomaly must therefore await futurs investigations. Some of

+)
}

the samples anelysed in the present study do not follow the trends tabulated
in Table 19. Those samples all came from areas off the South African coast
and from the Mogambique Channel. This area is characterised by nodules of
highly variable composifion. One sample was analysed which had a high lﬁ"n/Fa
ratio, was rich in todorokite and yet depleted in trace metals. The high .
mn/?e ratio of this sample has already been described as being indicative of
incrsassd supply of Mn due to diagenstic remobilisation. Near the African
coast, two samples were retrieved which had exceptionally low Mn/FB ratios and
which also had a very low trace metal content. Samples of similar composition
have been found in the Pacific Ocean in continental borderland areas (fero,
1965). Their very high Fe content is thought to be due to an enhanced supply
of Fe from continental sources. All .these samples depart from the serics set
out in Tabls 19 because ore of the major elements, [In or Fe, is suppliad in
very much greater amounis than the other. This increase in the amount
supplied leads to growth rates an order of magnitude or nore higher than
those observed in pelagic deep-water samples (Ku & Glasby, 1972) and this:
rapid grouwth ratg precludes the incorporation of large guantities oV trace
metals,

Table 19 can be expanded to incorporate deposits where rapid supply of
Mn or Fe substantially modifies the composition of the accreting deposits.
This has been done in Table 20. This Table summarises the main mineralogical
and chemiczl variations .observed in Indian Ocean ferromanganesc—oxides and
attempts to rolate them to variations in several paramcters éuch as
sedimentation rateland type and element source. Howevcr, samplos from the
Mogambique Channel can still not be fitted into the diagram conveniently.

Samples from this area contain. todorokite in most cases, have rather variable

M ., . . . .
n/Fe ratios with an average ratio of 1.0 and are high in Ni, Zn and to a
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deposits in relaticn *o mineralogy, element source and types of substrate.
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lesser extent Cu; the samples rest on a carbonate-rich terrigenous clay
saCiment, and it is their high trace metal content which mzkes them
anomalous. This anomaly might be explained in terms of a greatly increased
supply of these mctals to bottom wators in this arsa. Such supply may come
from biological sources. However biological productivity doos not anprar to
bé particularly high in the waters above these samplo cites, and ths sites
lio well above the lysoblino in this region seo thore is lilkely to b littls
dissolution of carbonate organisms in thg bottom water. Another poseibla
supply of these metals is from continental sources, as adsorbed lonic specics
or organic complexes which might release metals into bottom waters. Houwecver,
whilst the sediments supplied to this arsa are derived from rivers draining
one of the most intensely mineralised regions of the earth's crust, doubt is
cast upon this mechanism by the fact that there are almost no Ni deposits in
southern Africa yet this metal is the most enriched in the nodule samples.

No studies of the metal content of rivers draining into the Mogambique
Channzl have .been carried out and the problem of the source of the Ni, Zn and
Cu in the Mogambigue Channel samples must therefors remain open. Because of
this uncertainty thess samplos have been included in Table 203 only in

brackets.
(ii) SUMMARY & CONCLUSIONS

This thesis has examined various aspects of Indian Ocean forromanganese-—
oxide deposits and associated sediments, based on a largs number of new
analyses together with all previously published data accessible to thr writer.

Tho distribution of ferromanganeso-oxide doposilts in the Indian Gcean
is determined largely by sedimentation rates. Encrustations cccur in ruqged
areas uhers sediment cannot accumulate and where exposed rock thereforo forms
the substrate. Nodules occur in areas floored by sediment but where, due to

the vary low rate of sediment supply or to the erosive action of bottom currents
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rates of sediment accumulation ars very low or zerc. In areas of more rapid
sedimentation, such as those above the lysocline or those receiving
cantinental run-off, ferromanganese-oxide deposits are not common.

The mineralogy and chemicgl composition of the deposits varies in
response to several complex interelated parameters, the most important of
which are element source and mobility and nature of the depositional
environmont. Tho behaviour of the olemonts Mn and Fo is of great importance
in controllingthe traceo metal contont oflthn depocitas. A major cource of Fo
te marinn forromangnnosu—oxidoﬁ is tho mid-occan ridgne systam and depoaits
on and ncar this feature roflect this in thoir higher Fe content. A high rate
of supply of Fe coupled with the highly oxygenated conditiocns generally found

in mid-ocean ridge environments, favoursz the growth of §-Mn0, as the pro—

2
dominant Mn phese in thoe deposits.

In areas where available Mn is greatly in axccssAof Fe, sampleos rich in
todorokite are found. Such areas tend to be those furthest rcmoved from
continental and submarine sources of Fe. Depending on their availability, Cu,

Ni and Zn are more or less enriched in todorokite-rich samples. Particularly
marked enrichments occur where the overlying surface waters support high
biological productivity since marine organisms provide an important sink for
these metals and the downward transport of these organisms aftor death leads
to an enrichment of the bottom waters in Cu, Ni and Zn.

The different roles which paramsters such as bottom currents, sediment
type and sedimentation rate play in controlling the variation in distribution,
morphology and composition of the deposits has been examined. Using presently
available knowledge of the varlations: of thess parameters over the Indian
Ocean it has bsen possible to account reasonably well for many of the
observed variations in mineralogy and chemical composition of the ferromangancsa—
oxide deposits analysed. However, exact relationships could not often ba
established and much detailed work remains to bas done.

Summarising the regional variability of ferromanganese—oxide deposits,



the highest levels of Mn and the trace metals [i, Cu and Zn are Tound in
todorokite-rich nodules sitting on a siliceous ooze substrate in the

Central Indian Basin. Manganese, Cu and Ni—enriched samples are also

found in the Wharton Basin and in small isolated areas in the western

Indian Ocean whers the substrate is not necessarily highly siliceous. Ircn
axhibits roughly the reverse bshaviour to that of Mn, being a2t its lowest in
the Central Indian Basin and Uhartan Basin and generally intermediate through-
out much of the western Indian Ocean. The highest Fe values occur in mid-
ocean ridge samples, with sea-mount samples also having fe values above the
whole ocean average. Many samples from both these types of locality are on-
crustations from a rock substrate. Cobalt and Pb behave in the opposite
fashion to Ni and Cu, being at their lowest in the Central Indian and

Wharton Basins, generally low in most basin areas, and at their highest in
sea-mount samples, which also tend to be enriched inS-—NnOQ. Cobalt values erc
also higher than average in the Madagascar Basin.

Tha regional variations in bulk composition of sediment samples analysead
showed some similarity to the regional variations cbserved in Ferromanganese—
oxide samples. Thus Mn is highest and Fe lowest in Central Indian Basin
samples, Co and Pb are higher in the western Indian Ocsan than in the east,
whilst Ni and Cu show the reverse trend, being higher in ths oastern Indian
Ocean basins. These rsgional trends were not nearly so marked as those
observed in the ferromanganese—oxlide deposits, However the fact that broadly
similar trends do occur in both sample groups demonstrates that the processes
and mechanisms influencing the composition of ferromanganecse—oxide deposits
are similar to those governing the overall composition of sediments. The fact
that the trends observed in sediments do not exactly match thosec of the
associated ferromenganese—oxlde deposits may be explained by the fact that
sediments are a much more complex mixturs of materisl from many sources

than are ferromangancse nodules.
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SECTION 10

SAMPLE LOCATION AND DESCRIPTION

(i) INTRODUCTION

Fourteen ferromanganese—oxide samples were collected from an
area of ths north-east Atlantic Ocean during a rzesearch cruisc to this
area in 1972 by R.R.S. Shackleton. These samples have been analysed in
order to investigate the geochemical and mineralogical variations which
might occur in this area and also to help provide a useful comparison
with data obtained from the analysis of a much larger number of
samples from the Indian Ocean, and which have been discussed in Part 1
of this thesis., This process of comparison was particularly important in
the case of the partition analyses carried out on the nodule samples
since theres are virtually no published accounts of previous works of

this nature.
(ii) (a) SETTING & GENERAL GEOLOGY

Figure 73 shouws the part of the Atlantic Ocean in which tha sample

area is located, this area is shown in greater detail in figure 74. This

region lies approximately 300 milaes west-south-west of the southern tip of

Portugal and to the east of the Madeira~Tor® Rise. The sirugturs of this



part of the north-esast Atlantic Ocean is very complex and of considerable
interest.

All the samples obtained were dredged from S5 localities on and
around ssa-mounts of the Horseshoe Sea-Mount Chain. This chain consists
6? a northern group (Hirondelle II, Gettysburg, and Ormonde sez—mounts)
and a southern group (Unicorn, Ampdre and Coral Patch sea-mounts) linked
to sach other in the west by sea-mounts of tle Central section af the
Madeira~Toré Rise, (Josephine and Lion Ssa-flounts). The Madeira~Tore Rise
is interesting in that it straddles the actively spreading Azorss
Fracture Zone and the Horseshoe Sea-Mounts and Horseshoe Abyssal Plain to
the east of this risecover an area of complex plata tectonic activity.

The Horseshoe Abyssal Plain lies on the Azores-Gibraltar plate boundary
and is a seismically active area (Le Pichon et al, 1971).

McKenzie (1970, 1972) and ydias & Arroyo (1972) have suggested that
the Horseshoe Sea—flount area is in general one of compression and Fukao
(1973) concluded that the oceanic crust was being thrust beneath the
Gorringe Ridge in a north-north-westerly direction. Le Pichon st al (1970°)
have suggested that this ridge, which forms the Gettysburg and Ormonde
Sea-flounts, is not simply the result of a volcanic event but is a slab of
oceanic crust uplifted during a fairly recent phase of compressive
tectonics along the Azores-Gibraltar seismic zone. However, it may be
that at least onse, ardpossibly more, mini-plates may be involved in crustal
structure in this region. The Hirondelle II1 and Josephine Sea~Mounts and
the Ampére and Coral Patch Sea-flounts to the south may be the result of
normal volcanic activity or may be part of up-thrust mini-plates analagous to
the Gorringe Ridge. A clearer picture of the structure and tectonics of this

region however must await further investigation.



FIGURE 73 flap of Atlantic Ococan showing location of samplo area.
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4 othymeleic map of Horseshoe Sea=flount Arca showing sompling localitiss (from Laughton et 21, 1373).
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(ii)(h) SEDIMENTATION

The complex nature of the topography in the Horseshoe Sca-llount
area necessarily leads to a complex pattern of sedimentation. No scdiments,
other than tiny amounts adhering to the outer surface o some dredge
samples, were recovered Trom any of the 5 stations occupied. Sediments in
this area, however, have alrsady been studied by several workers at other
times. According to Le Pichon et al (1570) the Horseshoe Abyssal Plain is
turbidite-floored and contains up to 9 kilometres of deformed sediments.
Uithout this sediment infilling, Le Pichon et al suggest this area would be
analogous to a Pacific Ocean-type trench. Horn, Ewing & Ewing (1572) state
that the Horseshoe Abyssal Plain ieg filling with sediments brought in from
the east. This material is presumably derived from the continental tarrace
of f southern Portugal and Spain and is transported to the abyssal plain
via the Saoc Vincente and other canyons. This is borne out by the fact that
there is a progressive decrease in the thickness and grain size of
turbidites from east to west across the plain and a concomitant increase
in the amounts of intercalated pelagic ocze. It is not clear to what
extent, if any, slumping of sediments from the surrounding sea-mounts
contributes to sediment accumulation on the abyssal plain. Certainly the
steep flanks of many of the Horseshoe Sea-Mounts preclude their being
covered by any great thickness of sediment although the more gentle upper
slopes and summits may have a thicker sediment cover. According to Ryan
et al (1973) the Gorringe Ridge is clear of sediment in some places, whilst
in others there is a more or less uniform but relatively thin coating of
sediment. Since the upper portions of those ssa-mounts, at least, aro well
above the lysoclino, thoir associated sediments might be oxpected to be
carbonate~-rich. This was confirmed by Ryan et al (1973) who found that
surface sediments on the Gorringe Ridge consisted of a highly calcareous

biogenic coze rich in forams and coccoliths.This type of sediment is
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therefore in marked contrast to the ssdiments on the floor of ths

abyssal plain which the sea-mounts sncircle.
(i) (c) SAMPLE LOCATION

The fourtean samples analysed were obtained from five dredgs
station sites located on and near various sea-mounts in the Horseshoe
Sea-Mount Chain (ses figure 74). Sta£ions 169, 171 and 178 wers occupied
on the southern flanks of the Hirondelle II Sea-ilount. Stations 169 and 171
ware separated by only about one mile whilst station 178 was occupiced about
30 miles to the south-south-west at the Toot of the sea—mount; on the
northarn edge of the Horseshoe Abysegal Plain. Station 077 was on the upper
part of the northarn slops of the Gettysburg Sea-fMount, about 50 milos to
the ocast-north-east of stations 169 and 171. Station 100 was near tho
summit of the Ampére Sea-Mount, 80 miles south-south-west of stations 169
and 171 and on the gsouthern side of the Horsaeshoe Abyssal Plain.

Since single dredge hauls can often traverse more than one type of
bottom environment sspecially in areas of rugged topography, whersver more
than one cample was obtained from a particular dredge haul, sach was

analysaed separately, thus the samples analysed were as follouws:-

Station 077: 2 samples — 1 nodule, 1 encrustation (1600m. water depth)
Station 100: 2 samples — both encrustatians (1450m. water depth)
Station 169: 6 samples - 5 nodules, 1 encrustation(3700m. water depth)
Station 171: 1 encrustation (3800m. water dspth)

Station 178: 3 samples - 3 saparate nodules (4600m. water depth)



(1ii) SANMPLE MORPHOLGGY AND STRUCTURE

G the fourteen samples investigeted, five were coatings or
encrustations and nine were nodules or nodule fragments.-The
encrustations came Trom shallower average depths (2400m.) than the
hodule samples (3766m.). The coatings and encrustations ranged in
thickness from 1 mm, to 1 cm. Apart from sample 169.6, no idea of
the overall size of tha crusis could bé gained sinca the material
obtained had obviously been broken off a larger area of encrusted
material on the sea-bed. Sample 169.6 wes a thickly-coated basalt
fragment which had a maximum diameter of 6 cm. and a mimimum of 4.5 cm.
The basalt fragment was appreciably altered aspecially at iis contact
with the encrustation but still extremely hard and had an irregular
shape and surface. The ferromanganese coating on it was easily
separated from the fragment, but was of very variable thickness, being
absent in some places and reaching a maximum of & mm. in others. All
the encrustations varied in colour from rich deep brown (171.15),
through dark brown (169.6) to almost black (077.18, 100.2, 100.3). The
colour of the samples seems to bs linked to their Mn content, with the
darkest samples containing moze Mn (13%) than the browner samples
(2,5% - 11%). The darker encrustations were alsa much harder and less
porous than the brouner maferial.

The thicker encrustations (100.2, 100.3) showed no evidence of
internal laminations, being of very even colour. Houever,'samplc 171.15,
and to a lesser extent 169.6, did show some evidence of very Tine

laminations. Both - samples 100.2 and 100.3 were found on crushing to

contain many small, angular, extremely hard fragments. It is likely

L .

that these fragments are either baszalt fragments or dsirital minerals such

as rucile, from the weathering of basalt. I was rniot possible to remaove

these fragments during crushing.
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All theencrustations except samples 100.2 and 100.3 had a dis-
continuous thin coating of white to buff-coloured sediment on their
outer surface which obscured the fine surface texture. It would seem,
therefore, that samples 100.2 and 100.3 were the only samples which
could have been actively accreting ferromanganesc oxides at the present
time. Except in the case of sample 169.6, already discussed, the
substrate was not obtained with any of the samples and so no information
could be gained of the type and condition of the encrusted matecrial.

The nodules obtained were all {airly large in size, ranging ‘rom
5 cm, to 11 cm.in maximum diameter. Most nodules were spﬁeroidal to
spherical in shape. The threes nodules from station 178 were all fairly
larga, averaging 8 cm in diameter, and very similar in overall size,
shapa and texturs. Station 169 nodules were of more variables size and
shape, and sample 169,3 was a polynuclseate noduls, having two distinct
cores.

All the nodules were fairly compact and of average density. Their
suriace shapes were all similar, being regular to sub-botrycidal. Their
surface texturss ware all fairly similar, samples 077.33, 1639.1 and
169.3 were smooth to microgranular whilst the other nodules from station
169 were fairly evenly microgranular. Station 178 nodules however tended
to have a somewhat coarser macrogranular texturs. Thus samplos from
deeper watsr appear to have a different, more granular surface texture
which presumably indicates their growth in a somewhat different
sedimentary environment to the other samples.

All nodules showed some svidence of internal structure although thao
laminations were often on a very fine scale and vory unclear. All the
samples from station 178 stowed a tendency to fracture very casily on
smooth concocniric gcurfaces which presumably correspond to growth lines

within the samples. This tendency has boen accentuated due to- tho do-

hydration which has -occurred during sample storage and is especially clear
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in sample 178.4 ( see plate 18).

Thers was little evidence in most sampleste suggest that thers
had becn any major broaks in nodule growth. However, sample 169.1 had
an outer layer 4 to S5 mm, thick which was much darker and more ferro-
manganesae-oxide-rich than the rost of the sample. This may ropresent a
recent period of rencwed growth. Samploc 178.3 containad a small nedule
with a meathoréd volcanic core, the whole of which appeared to form thn
nucleus for a second, much thicker growth stage, forming tho ros% of the
nodule sample, (see plate 19).

None of ths nodules had large or fresh—looking coraos. Most in fact
wore highly alterod and heavily induratod and replacnd by forromangannso-—
oxide material. Most cores were very irregular in shape but none had a
_largest diemeter greater than 1.5 cm. All the cores had a similar
appearance consisting of pale, buff-coloured clay-like matorial containing
small hard fragments, probably palagonite and altered foldspar. All the corcs
were obviously of volcanic origin, as might be expected in view of the
location of the samples in a region with a complex volcanic and tectonic
history. All the samples had a thin, discontinuous coating of buff-
coloured sediment on their cuter surfaces indicating that active growth
could not have been occurring at the present time, and that the samples

may have been partly or wholly buried by sediment.
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MINERALGGY

(i) INTRODUCTION
Fourteen samples, collected'From the 5 sites shown in figure 74
were analysgd by X-Ray diffraction techniques on a Phillips diffractomater
in order to investigats their minsralogical naturs. Details aof the
techniques used are giﬁan in Appendix 2.
A brief history of ressarch has bsen given in Section 4, together
with a discussion of problems of identification and terminology of the
] It
three

authigenic Fe and Mn phases in marine ferromanganese-oxido deposits.

h certainty in the samples analysed in this

ct

d wi
o

is sufficient hers merely to summarise the conclusions reached. The
[¥]
study gave the characteristic lines listed in Table 21. These were given

"n phases idsntifie

the currently most-favoured names, todorokite, birnessite and §-fnd
these lines were definitely identifiable were

Samples in which none of

a predominantly amorphaus Mn phass.
Less work has been done on the Fa phases in ferromanganocse—oxide
on

1

discuss

regarded as containing
desposits, probably mainly because even in samples with a high Fs content
~r A

the iron phase often appears to be essentially amerphous,
T the problemsnof identifying Fe phases in ferromanqanese—oxide deposits

O

has also been given in Sectilon 4.



d(a) I PHASE
- VS Todorokite
- 114
2.46 1
2.39 "
7.0 = 7.2 VS Birnaessite
3.5 - 3.6 n
2,46 M "
2.33 M "
1.42 W n
2.40 — 2.45 v. br. S S—mno2
1,40 = 1,44 v. br. M "
TABLE 21 Diffraction patterns of the manganese

phases retognised in Atlantic Ocean
ferromanganese—oxides
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Saveral Fo minerals have beon reported ag occurring in marine
ferromanganose—-oxides, houcver qgosthite was the only Fe mincral
identifiad in the Atlantic Ocean sampleos except in one case, discussed

later. Using Mossbausr technigues, discrete Fe phascec have becn
Fal PN
1 (9

identified by several workers (Johnson & Glasby, 1969; Hroynkiesuitz ¢

21, 1970; Brouwn, 1971) in nodules where no Fe phases were, recognised by

conventional X-Ray diffraction analysis. These workers found that in

=

&

many of these samples, the mean particle diameter of the Fe phascs wa
only of the order of 1008. For the purposes of this study however, samples
in which no peaks clearly assignable to an Fe mineral were seen, uere

regarded as containing an essentially amorphous phase,

(1i) MINERALOGY OF THE FERROMANGANESE PHASES

[Mineraloqy of thsz mannanese phases

Table 22 gives the total number of samples in which the various
manganase phases listed in Table 21 were recognised. As can bo scnn from
Table 22, todorokite was the most abundant phase observed, occurring in
almost three—quarters of the samples analysed. As can be seesn from
f

figure 75, samples containing &-Mn0, only, were from the upper parts o

2
ses-mounts, whereas nodules containing todorokite were from greater
average depths. However, sample 077.33 from the upper part ot the
Gettysburg Sea-Mount was found to contain todorokite, although being
collected from a depth of only 1600m,

Nodules which contained no identifiable manganese phase did notl’
come from any particular characteristic depth envircnment or unicue
locality, being found in the sams dredge haul as samples containing

todorokite. The two samples in which the manganese phase was nresumed

to be essentially amorphous were very low in manganase, howsver the



MANGANESE PHASE

SAMBLES IN WHICH

TOTAL NO, OF

AVERAGE WATER

AVERAGE

IDENTIFIED SAIMPLES DEPTH(m) CONCENTRATION MN

Todorokite 077.33; 169.13;169,3;

159.5; 169,203;171.15 9 3780 B. 153

178.23 178.3; 178.4
S—Hnoz 077.13; 100.2; 100.3 3 1550 13,33
Birnessite B
Amorphous 162.14; 169.17 2 3700 7.4

TADLE 22 Mina}al:;i:el composition of Atlantic Bcean nodules

(&N}
[ &
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average [Mn content of seamples containing identifiable taodorakite was very
little higher., This is in contrast te the behaviour of theso sampla types

in the Indian Ocezn whers amaxphous samples wsre much lower in [Mn an averegs
than in thaoso containing todarakite. The recognition of diffraction linesdus
to tedarokite in the scmples may bas mare a factor of degraoae o?f

crystallinity rather than the actual amount presaent.

finaralagy of the iran nhase

All the szmples znalysed uers faund to contain gosthite. In scme
. cases only the strongest line, at 4.18R, was seen with cortainty.
However in some samples as many as 8 or 10 lines attributable to
goethite were obsarved. Morcaover, theze linee were rolativaly sharp
indicating that the goethite was well-crystalline and af comparatively
largse pafticle sizo. All the samplaes are camparatively high in iran
(13% ~ 28%) and thus in those samples showing anly ans ar tuwo goethite
peaks, much of the Fa must be praesent as an amorphous phaso, ar be
extremely poarly crystalline. Thaere did not appcar to be any carrelation
betwssen the Fe cantent of the samples .and the height aof the majar
goothite peaks.In four samples, 077.33, 169.3, 171.15, 178.4, the
gosthite eppeared to be particularly wsll-crystalline and abundant,

and sample 169.3 also containsd traces o?‘{-Fe203 (hematite),
(1ii) OTHER MINERALS

A variety of authigenic and detrital minerals, other than the
authigenic Fe and Mn oxides discussed sbove, have been reported as
agceurring in ferromangansss noaules and have been discussed in
Sectiaon 4. All the szmples, sxcept 100.3 containad & —~quartz. In many

aof the samples, gquartz was very abundant, the most intanse pezk at



3.348 giving a full-scals deflection on the diffractometer trace.
Samples 100.2, 100.3, 169.1, 169.17 contained calcite but in

the latier two there were only trace amounts. Station 100 was

occupied in @ wadker da@M well above the lysocline. Most of the samples

from stations 169, 171 and 178 contained small amounts of plagio-

clase feldspar and clay minerals, The main clay mineral appsared to

be of montmorillonite type with a basal peak of about 142.
(iv) DISCUSSION

The small sample population and irregular sample distribution
limits the conclusions which can be drawn from the mineralogicai
analysas. Howsver, thars are one or two noticeable trends. Todorokite
occurs in samplas which come from greater avarage depths than samples
containing S—Mnﬂz. This tendency has been found in nodules in other
parts of the world's oceans (Barnes, 1967; Cronan & Tooms, 1969;
~Crarar & Barnes, 1974) and also in samplss from throughdut the Atlantic
Ocasan (Cronan, 1975). In general, the conclusions reached in the
present study agree well with those observed by Cronan (1975) although
the 7.1R reflectien observed in soma samples by Cronan wss not
observed in any samples in this study.

Whilst the high average Fe content of Atlantic Ocsan ferromanganase
deposits has been noted by various authors (Mero, 1965; Cronan, 1972)
virtually no work on the mineralogy of the Fa phase of these deposits
appears to have been published. It is therefore not possible toc assess
wvhether the seemingly large amounts of relatively well-crystallins
goethite in the samples analysed is a typical feature of Atlantic
Ocean nodules from this type of environment., Certainly this behaviour

has not heen reported in samples from the Pacific or Indian Dceans.



Samples Trom the Nares Abyssal Plain in the Morth Atlantic, which
were analysed by Smith et al (1968) were found to cantain.somc
goethite but this did not appsar to be as abundant or as well-
crystalline as that observed in this study. Goethite of very small
particle size or amorphous-FeOOH may re-crystallise with age within
nodules to botter crystalline goethite of fairly large particle

size. Glasby (1970) has shown that the re-crystallisation within
nodules of extremely fine-grained mangansse—oxides to particles of
larger size is thermodynamically favourable under marine bottom
conditions and this may also be the case for thn discrotae iraen
oxide~hydroxide phase. As discussed sarlier, several of the samplos
analysed were nodules of quite large size and thesrefore likely to be
comparatively old. However, the samples had been stored dry at room
temperature for two years prior to analysis and tha effact which this
may have tad on the mineralogy is not known. According to Derner (1959)
goethite is metastabls under the conditions encountered on the dcep-—
seafloor and ages to hematite. Tho identification of this mineral

in onec sample providos somo evidencothat ageing prococcea may have
occurred within the iron phase of the samples bofora they wore

racovared.



SECTIDORN 12

GEDOCHEMISTRY

(i) INTRODUCTION

The fourteen ferromanganese—oxide samples from the five dredge
stations shown in figure 74 were analysec for fn, Fe, Co, Ni, Cu, Zn,
Pb, Cd, Cr, Ca, Al and Ti. Analyses were carried out by atomic
absorption spectrophotometry using the technigques described in
Appendix 1. In addition to determining the bulk composition of the
samples, salective chemical attacks were carriesd out in order to
investigate the partitioning of elemenis between the variecus fractions

released by the different attacks.

(ii) COMPOSITIONAL VARIATION OF SAMPLES FROM SAME STATION

The type of material obtained for analysis was of fairly veried
morphology, ranging from thin coatings on rock to nodules 11cm in
diameter. Because of this wide variation in morphology, occasionally
seen even in different samples from the same dredge haul, it was
decided to analyse separately each type of sample obtained, even where

several samples were obtained from the same dredge haul. In this way,
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it was hoped to investigate whether significant morphological
differences were reflected in significant compositionzl diffTerences.

The variation in composition of samples from each dredge statlon is
sunmarised in figure 76. The station at the greatest deptn, 178,

contained materizl of fairly uniform size and morphnlogy (sec Section 10)
and thae thrae samples analysod show comparatively small variations in
composition for both major and trace slements.

The éix samples from station 169 were of slightly more varied type
(see Ssction 10) and the variation in their composition is'rather greater
than that seen in station 178 samples. Both Mn and Fe have maxima which
are slightly mors than doubls their minima, whilst Ca shows a four-fold
variation. 07 the trace metals, Co Ni and Cu show a similar amount of
variation to Mn and Fs. Zinc, Pb and Ti on thes other hand shou fairly
uniform values.

' Two samples were recovered from station 100, Thess wers Goth en-
crustations on basalt of similar type and showsd very little variaticn in
composition for most slements. Howsver, the concentration of Cr differs
appreciably in the two samples and ths Ca concentration also varies con-—
siderably between ths two.

Material from station 077 consisted of a very thin crust and one
large nodule. This marked morbhological difference is reflected in the
compositional variation of ths samplss. Whilst Mn and Fe show surprisingly
little variation between the two samples, Co, Ni, Cu, Pb and Cr shouw very
great variation. In the case of Cu this variation is extreme, ths nodule
containing sight times as much Cu as the thin crust. Of the trace metals,
only Zn occurs at roughly the same concentration in both samples. A
possible reason for the chemical variabilify of material from this station
is discussed in Section 13. Cadmium levels in all the semples analysed

were near ths detection limit for this element. Bascause of this and ths

fact that very little variation seemed to occur in Cd values batuween



FIGURE 76 Range in bulk composition of sampies from the Nerth—Cast
Atlantic Ocean.
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sanples, Cd concentrations have not besen plotted on figure 76.

Stations 077, 100, 169 were dredged on thz ‘lanks of large sea-
mounts. These are areas of the sea=bed where, due to the rapldly changing
natura of the bottom topography, considerable variations in bottcm
envirocnment can occur sven over the small distances traversed by a single
dredge haul., This variation in bottom environment is reflected hy the
variation in ferromanganase—oxide morpholegy and composition, as has been
observed by several workers (Cronan & Tooms, 1967; Glasby, 1970; Hubred,
1970; this study). The samples analysea in the prasent study, from thes
Horseshoo Ssa-Maunt Area of the Atlantic Ocean serve to confirm that the
rapidly changing environmental conditions charactoristic of major soa-
mounts can cause significant variation in the composition of ferromangansso-

oxides associated with the sea-mount.
(iii) INTER—ELCMCNT ASSOCIATICNS

Correlation matrices, using both normal and log-transformed data were
calculated for the bulk compositicnal data using ths same programme as that
discussed in Saction 5. The two matrices are given in Table 23, together
with the mﬁjimum significant correlation coefficients at the 99 confidence
lavel . Glasby, Tooms & Haworth (1974) have shown that esven for comparatively
large sample populations, the element correlations observed tend to be at
least partizlly dependent on the characteristics of the sample population
used. The only way to overcome this problem is to attempt to use as large a
semple populatiaon from as many different types of bottom cnviromment as
possible. Only 14 samples were used in calculating the matrices given in
Table 23 and these were from a limited range of environments hence the intor-
elemeﬁt carrelations obtained will not necessarily reflect those published in
the literature using larger sample populations.

a goree with

ct

In general, the significant correlaticns using normal da



Co

Ni

Cu

Zn

b

Cd

Cr

Ca

Al

Ti

Depth

.35

-.05

-.063

.56

-, 77

TABLE 23

Iin Fe Co N1 Cu
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those observed using log-transformed data. Howsver, there ara one or tuwo
noticeable exceptions. For example, Cu corralates strongly positively with
desth using log-transformed data but shous no significant correlation with
depth using normal data. Similarly Fe and Ca, Ni and Ca, and Cu and Al

" show significant positive inter-correlations at the 93% confidence level
using log-transformed data but do not show significant cdrrelations using
normal data.

[langanese correlatss significantly positively with Co, Ni, Pb and
Ca for both data sets whilst Fe correlates significantly positively with
Zn and significantly nagati&ely‘uith Cd. Howsver, the most significant
corrslations are those bstween the trace metals Co, Pb and Ti. These three
slements all corrslate positively with Ca, and Co, Pb, Ti and Ca 211
corrslate strongly nocgatively with depth. Apart from ths positive
correlation with Ca, the bshaviour of Co and Pb is gimilar to that observed
for these slements in Indian Ocean nodules. As might be expectsd Al, which
is associated predominantly with the diluting aluminosilicate phases in
nodules, correlatss significantly nsegatively with most of the metals
essociated with the authigenic phases, such as fn, Co, Zn and Pb. Howsvsr,
Al correlates positively with Cu, although this correlation is only
significantl for log-transformed data. This is probably bsecause in samples
where Cu is particularly low in the samples as a whole, a substantial
proportion of it may be associated with aluminosilicate material as was
seen with saveral Indian Ocean samples in Section S.

One striking feature of the corrslation matrices is that they reveszl
no svidence of gtrong positive correlations between Cu, Ni, Zn and Cd or
between these thres elements and Mn. Nor is thsre a gignificant negative
correlation bstwesn Mn and Fe. All these correlations have bsesen observad
in nodules from the Pacific and Indian Ocsans (Cronan, 1967; Glasby, Tooms
& Howarth, 1974; this study) and from the Atlantic Ocsan (Croman, 1975).
The lack of corrslation betwesn elements which are known to ba closaly

related in Pacific, Indian and other Atlantic Ocean nodules, indicates that
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the sample population studied here differs significantly frcm thoss

studisd by previous workers as a concequence of the small sample

population ussd. The strong positive correlation between Co and Pb, on ths
other hand, and the negative correlations of these olements with depth is in
agresment with the findings of previous workars (Cronan,1967¢ Glasby Tocms Z
Haworth, 1974; Cronan, 1975). The positive correlationsoi Co and Pb with Ca
and Ti are probably a result of the fact that all these elemsnts correlate
strongly magatively with depth. This depth correlation must be for different
reasons, since selective chemical attacks on the samples have shown that Co
and Pb are released predominantly in different fractions to Ca and Ti (see

part (v) of this Section).
(iv) REGIONAL GEOCHEMISTRY

The fourtesn samples studied were from only 5 separate sites, two of
these being very clese togethsr. furthermors, the samplo etatiom wers at 3
different depihs on 3 different sea-mounts. This prevents an accurate comparison
of nocdules composition either at different depths on the sams sea-mount or from
gimilar depths on different see-mounts. However, it is possible to divide the

sample stations into 3 rough groups as follows:—

Group 1. Stations from uppermost parts of sea-mounts:-—
stations 077, 100. (4 samplea)

Group 2. tations from sea-mnount lanks:-
stations 169, 171. (7 samples).

Group 3. Stations from the base of ssa-mounts:-
station 178. (3 samples).

The average composition of samples from each of thess depth environments
iz summacised in figure 77. As alrezdy discussed in part (ii) of this
Section, the two samples from station 077 aro markedly different in
morpholegy and composition. Since sample 077.33 was very differsnt in

morphology and composition from the other three samples in group 1 above,
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it seems likely that it was dredged {rom a rather different envircnment
-

parhaps lower down the sea-mount. It was therefore not includesd in the

i

calculations when the average composition of group 1 semples was
calculated and plotted on Tigure 77.

kN

Several very clear trends are noticeable in ti
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different depth environnents. Mangancse is lowest in group 2 camplcs

and is gensrally lower in the deeper water samples than in those of

grcup 1. Aluminium shows a marked antipathetic correlation with fin as
might be expected in view of the presence of Al almnost cxclusively in the
diluting aluminosilicate phaéa of the samples. Thus Al is pgenerally hinher
in group 2 and 3 gamples, which uores presgmably sitting on 2 sediment
substrate, than in group 1 samples, which, being encrustations, are from
a relatively sediment—{ree environment. By contrast, Ca is much higher in
group 1 samples than in those of group 2 or 3. Most of the Ca in the
camples is present as carbonate material (soe part (v) of this Section)
and it is likely that rates of supply of bicgenic carbonato to the coa-

bed are higher at shallow depths than at the depths {from which group 2 and

w

were dredged, since the latter are from depths nesar to or perhaps even
areater than the lysocline. Iron does not show any well-defined trend
with depth.

Most of the trace metals Co, Ni, Cu, Zn, Pb, Cr and Ti alsoc shau
marked changes in concentration with depth. With the single exceptiicn of
Cu all thess tracs metals are lower in group 2 samples than in group 1
samples. These elements, with the exception of Cr and Ti, are incorporated
predoninantly in the authigenic ferromanganese—oxide phase and the lower
trace metal content of group 2 samples may simply be a reflection of the
lower fin centent of samples in this group. Lead and Co however, show a
much greater fall in concentration than could be cxpected from this cause
alone. As discussed in Section 11, samples from stations 077 and 100

contain S~Mn02 and Co and Pb are known to be enriched in farromenganess-
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oxides containing S—Mnoz (Barnes, 19673 Cronan & Tooms, 1969; Price ¢
Calvert, 1970). This would explain the high Co and Pb contents of group
1 samples and also their negative correlation with depth.

In contrast to Co and Pb, Ni and Cu tend to be enriched in {erro-
manganese nodules from graater depths (Cronan, 1972; this study Scction 5).
This has been found to be the case for Atlantic Ocean nodulzs also (Cronan,
1975). The samples analysed in this study show a similar trend although for
Mi the overall increase is very slight.and group 2 samples azctuazlly chow
a decrease in Ni over group 1 samples. However asz alrcady cxplained, trace
metal concentrations in group 2 samples are gencrally low.

~Zinc and Cd show vory litile variation in conconiration with depth,
the variation in Cd valucs being within tho limite of analytical preciazion
obtained for this element.

Chromium and Ti a=ze the enly trace elemecnis for which analysis was
carried out which are not contained predominantly in the authigenic-oxide
phases (ses part (v)).Both these elements show a significant decreasc in
concentration with increase in depth. These 2 metals are prasent in
basaltic rocks in comparatively high concentrations. Conseguently, any
small fragments of weathered or un-weathsred basalt which become
incorporated in ferromanganese—oxides are likely to appreciably increase
the observed concentration of Cr and Ti in the sampls . The incorporation
of basalt fragments is especially likely where Terrcmanganese-~oxide

deposits are developing as encrustations directly on exposed rock. Ti:s

o

was likely to be the case for all 3 samples in group 1, and in fact the

samples from station 100 wsre found to contain minute fragments of
material wnich were inferred to be basalt or its weathering products.

(v) PARTITION GEOCHEMISTRY

In addition to determining the bulk composition of the samples
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partitions in Atlantic Ocean Terramsngannse—

FICURE 79 (a) & (b) Means and standard deviations of :lemont

oxides from different depth environ cnis,

boed
e
[ —— Srrnremn ]
o
o
© ¢
Fedq
4]
o PP S ——— *
)
m +
~
< forsnsnai .1...le
~
@ H
S
2]
< N P ] S|
a o Q.
3J 3J J
Q o] o]
£ £ -
(S} [0} (]
R { F-erq f— .
T T T T T T T T T
(@] (= o [am (o] (o]
[om} [os] 0 =1 o
—

378n10S %

T

fe Co Ni Cu n Pb Cd Cr Ca

Mn

ey
R
Jrresasian s PR e, 4
+—
(S|
) Liei3 wed]
——
e ST
A i i R S e B 5
b . —
ot |
b 4
L3 L}
bocemam e =m--
[ R ?
p———
bommmme o 4
Fsd N
| S — m
o e 4 8]
[ e | T 6 rrreseeet PE— .w
i . ©
T 1 o
brmmm - e -4 .
_.l..l - e@unin B | o3 P
T C
— -~ @
pramam—mmmmmgsman e 0
IR S R SRR LN sy < <
P
) 0
(e .- ~—
¢
| e |
boseomcmpmnnen e
1
|
e Siniesst e 4
bod
T T T T T T T T T
[ ] (=] O o o)
() 20} Xs) ) [aY
==

378n10S ¥

Cu Zn Pb Cd Cr iCa A&l

Ni

Fe

Mo



331

Means and standard deviations of elament

FIGURE 79 (c) & (d)

partitions in Atlantic Ccean ferromanganese—

oxides from different depth envi

ronments,
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selective chemical attacks were carried out on each sample in ordor to
investigate the distribution of the elements betwsen the various phases
liberated by each attack. The attacks used were an adaptation of the
selective leach procedures developed by Chester & Hughes (19267) and

are described in dotail in Appendix 1. A detailed discussion of the
phases present in marine ferromanganese oxides and which are likely to
be selectively removed by ecach attack has been given in Section 7.

The attacks were carried cut on saparate sub-samples and the
composition of each fraction calculated by subtraction as explained in
Section 7. The mean value and standard deviation for each slement
released by each attack was calculated using the sams method as before.
The results are summarised in figure 78. Ths mean value and standard
deviation for each element was alsc calculated for the 3 sample groups
discussed above in order to investigate possible environmental offects

on element partition. These results are summarised in figure 79,

(a) Averane Partition Values in all samples —(Figurc 78)

With the exception of Ca and Al, the largest proportion of all the
elements for which analysis was carried out occur in either the acid-
reducible or hydrochloric acid-socluble fraction but the partition values
for most elements in thess fractions show rather large st;ndard deviations.
This indicates that most slements are not present predominantly in the
same fraction in all the samples analysed. However, it is still possible
to see some mejor trends.

On average, 85% of the total Mn is present in the acid-reducible
fraction indicating that the majority of the Mn in the samples is present
as acid-reducible authigenic manganess oxides. In 4 samples, a substantial

amount of the total in (more than 20%) was present in the hydrochloric

acid-soluble fraction, and in sample 171.15 more than 90% of the total Mn
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was in this fraction. In all the samples, essentially all the non-
reducible Mn was in the HCL-soluble fraction, this amount averaging
about 15% of the total Mn.

By contrast, Fe shows a more even distribution between the acid-
reducible and HCL-soluble fractions, with slightly more in the latter
than in the former. However, again the standard deviations about the
mean valuess are large, the acid-reducible fraction for example,
containing as little as 5% and as much as 67% of the total Fe content
of samples. The acid-reducible Fe repreéents that Fe released from acid-
reducible mixed iron-manganese-oxides and from amorphous iron oxy-—
hydroxides (Chester & Hughes, 1967; Arrhenius, 1963). The non-reducible
but HCL-soluble iron is probably present largely as crystalline goethite.
This mineral was identified in all the samples analysed. This conclusion
agrees with the observation that the four samples in which goethite appeared to
be best-erystalline or most abundant (see Section 11) were also the four
samples with the highest percentage of their total Fe content in the HCL-
soluble fraction. A further interésting obsgruation is that these 4 samples
are the same 4 samples in which 20% or more of the total Mn was HCL-soluble.
It would thus appear that goethite formed in this type of marine
envirenment can incorporate a substantial amount of Mn without altering its
susceptibility to chemical attack. The ability of hydrated Fe oxides to
incorporate large amounts of Mn within their mineral structure rather than
as adsorbed species has been progosed by Smith et al (1968) and demonstrated
with synthetic preparations by Subramanian (1975).

The trace metals Co, Ni, Cu, Zn, Pb and Cd are all present pre-
dominantly in the acid-reducible fraction, and thercfore are associated with
the authigenic manganese and iron oxyhydroxides. Virtually all the Co and ove
three—quarters of the total Ni are.present in this fraction on average, but
only about 60% of the total Cu, Zn and Cd occur on average in this fraction,

As might be expected in view of the large variations 1in the proportions of
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Mn ard Fe in this fractiocn, the standard deviation for cll the trace

metals in the acid-reducible fraction are also high. Virtually all the
non-reducible Co, Ni, Cu, Zn and Pb is scluble in hydrcchloric acid.
However, the non acid-reducible Ca appears to be present in the acid-
insoluble fraction rather than the HCL-soluble fraction. Small amounts

of Ni, Cu and Zn aro released by the acetic acid attack and are therefore
probably present as loosely adsorbed cations. Chromium does not occur nre—
dominantly in any one fraction. On average, about 40% of the total is
acid-reducible, the remainder being present in the HCL-soluble and geid-
insoluble fractions, with slightly more in tho latter than in theo former.
About two-thirds of the total Ca, on average, is present in tho acetic ecid-
coluble fraction, indicating that most of the Ca in the samples is present
as carbonate material. Most of the remaining Ca is present in the acid-
reducible fraction and therefore presumably incorporated in the ferro-
manganese phases, whilst, on average, 10% of the total Ca appears to be
acid-insoluble probably associated with resistant Ca-bearing silicates

such as the plagioclase feldspars. By contrast, almost two-thirds of the
total Al occurs in the acid-insoluble fraction ascociated with resistant
silicates. A smaller but much less variable amount of Al (about 20%) is
HClL-soluble and this probably represents Al released from the breakdoun of
clay minerals in the samples. An equally small but very variable amount of
Rl occurs in the acid-reducible fraction. This may represent that Al present
in the samples as colloidal hydroxide material intimately intermixed with
the acid-reducible ferromanganese phases. About two-thirds of the total Ti
in the samples is HClL-solubls, whilst most of the rest is insoluble in HCL.
This behaviour agrees well with the suggestion that most of the Ti in
nodules is present as rutile or anatase (Arrhenius, 1963) which are only

partly attacked by hydrochloric acid.



(b) Variation in element partition with depth

In view of the large standard dsviations obssrved in the partition
of most elements when all the samples wsre grouped together, the samples
were gplit into the 3 groups éiscusaed in part (iv) and the mean element
partitions re—calculated together with their standard deviations. These
rosults aro summarised in figure 79. The partition of the elemonts in
sample 171.15 was so different to any other sample that it was decided to
exclude it from group 2 samples for the purpnsga of this study, since it
would prodube an unacceptably large bias on the averages calculated for
group 2 samples, |

Mangenese occurs predominantly in the acid-reducible fraction in all
3 groups but the amount in thiz phase does dscreasge slightly with increasing
depth, with a corresponding increase in the amounts which are HCL-soluble.
Iron zhows & similar trend to Mn but rather more marked, group 2 and 3
sanples containing markedly less acid~reducible Fe (35 to 45%) than those
from shallow depth (65%).

The trace metals Ni, Cu and Zn ell show a very noticeable incrcass in
the acetic acid-soluble fraction in samples from shallow depth., Copper end
Cd increase markedly in the HCL-soluble fraction in samples from greater
depth whilst Pb shows the reverse .trend. Zinc shows a very marked increase
in the HCL-soluble fraction in group 2 samgplee over the values found in
this fraction in samples from both shallower and deeper waters. Chromium
displays a rather complex behaviour with depth. Thers is a decrease in ths
percentage of Cr which is HCL-soluble at greater depths, whilst acid-
reducible and acid-insoluble Cr show an overall increass with incresasing
depth. However, samples from the decpest environment (group 3 samples) do
show a decrease in acid-inscluble Cr compared to group 2 samples.

Calcium, surprisingly, shows no distinct trends in partition with

variation in depth sven though, as has already been discussed, this slement
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correlates markedly negatively with depth in terms of bulk composition.
Aluminium shows a marked increase in resistance to chemical attack
with depth. In group 1 samples, only about half the total Al is HCL-
saluble 6r acid-insoluble whereas in aroup 2 and 3 samples amounts of Al
in these two fractions form about S0% of the total Al. At shallow depth
anly about one-third of the total Al is acid-insaluble whereas in
groups 2 and 3 samples about three-guarters of the total Al is acid-
insoluble.
Titanium shows a decrease in the HClL-soluble fraction with increase
in depth and thers is an overall increase in the percentage of acid-
insoluble Ti. Group 3 samples however, show an increase in aecid-reducible

Ti also.
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SECTION 13

DISCUSSION

In gpite of the limited number of samples from the north-east
Atlantic Ocean which were availeble for investigation and their biesed
distribution both geogrephically and with depth, several noticeable
features emerged from their analysis.

The major elements Mn end Fe show no systematic varietion with
depth but the trace metals associated with these major elements do,
presumably in responss to changes in depesitional environment and
element availebility. Cobalt end lead are highest in samples from
shellow depth whilst Ni end Cu tend to be enriched in semples from
greater depths. This trend is compliceted by the much lower Mn content
of group 2 semples i.e. those from intermediate depth, this low Mn
content tending also to depress values of all the trace metels
associeted with-the authigenic Mn phase. All these group 2 semples came
from the Hirondelle II Sea-Mount. The Al content of these samples indicetes
that the low Mn values may be due to dilution of the euthigenic phase by
lerger than average emounts of aluminosilicate material.

The strong positive correletion betwesn Co and Pb end their mutual
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negative correlation with depth is in agreement with the findings of
previous authors ( s.g. Cronan, 1972, 1975). The 3 samples with the

highest Co and Pb valuss are also the 3 samples in which &-Mn0, was

2

identified. The enrichment of Co and Pb in samples containing S—Mnoz
has been observed by previous workers (Barnses, 1967; Price & Calvert,

1970; Calvert & Price, 1976; Cronan, 1975) and the possible reasons for

this have been discussed in Part 1 of this thesis.

By contrast, Ni and Cu are higher in nodules from greatesr depth
which were found to contain todorokite. The association of higher Cu and
Ni values with nodules containing todorokite has alsoc been noted by previous
workers (Cronan & Tooms, 1969; Price & Calvert, 1970; Crerar & Barnes, 1974;
Cronan, 1975). The reasons for this have alsoc besn discussed in Part 1 of
the thesis.

Calcium and Titanium also show marked variation in concentration with
depth, whilst the results of partition analysis show that these metals are
not primarily associated with the ferromanganese-oxide phases. Calcium is
present predominantly as carbonate material and shows & negative corrslation
with depth. This is probably due to the increased amounts of carbonate
material reaching the sediment-water interface at shallow depths well above
the lysocline. Highly calcarsous sediments are known to occur at shallow
depths in some parts of the area (Ryan st al, 1973) whilst at greatsr
depths the sediments are lower in carbonate (Horn et al, 1972). Titanium
also correlatqs negatively with depth and is especially high in the two
samples from station 100. As already discuseed, these samples were found
to contain small rock fragments, probably of basalt or ita weathering
products, and these are likely to be comparatively rich in Ti. Where such
fragments do occur in nedules from greater deptha they are likely to be
present in the nodule cores and therefore would have heen removed prior to

analysis.

Most samples from the same station show a limited range of composition
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and morphology. However, the two samples from station 077 differ

markedly in morphology, mineralogy and chemical composition. The nodule
sample, 077.33, contained todorokite,was comparatively enriched in Cu and
Ni compared to the encrustation sample 077.18, which contained S-—Mnﬂz and
was rich in Co and Pb and very low in Cu. It is difficult to envisage how
two samples can differ so much, chemically and mineralogically, unless they
accreted under markedly different environmental conditions. In view of the

marked association of § -Mn0, and high Co and Pb values with oceanic nodules

2
from shallow depth, it may be that sample 077.33 was picked up by the dredge
much lower down the Gettysburg Sea-Mount and sample 077.18 near the summit.
An alternative explanation may be that a less well-oxygenated environment,
perhape due to a pocket of ponded sediment, exists on the upper slopes of
this ssa=-mount, in contrast to the conditions usually associated with this
type of topographic feature. Such an environment would be favourable to the
growth of nodules which would show more gimilarities in mineralogy and
composition to sample 077.33 than to sample 077.18. However, there are no
reports in the literature of similar occurences in the Atlantic or other
oceans.

Selective chemical attacks on the samples have shown that, on average,
most of the manganese and about half the iron in the samples is present as
acid-reducible oxides or oxyhydroxides. Much of the non-reducible Fe is
probably present as goethite and the non-reducible, but HCL-soluble Mn and
Mn—associated trace metals Co, Ni, Cu, Zn, Pb and Cd, may be associated with
this phase. However: substantial amounts of these metals, and iron, may also
be released by the breakdown of clays in the samples by HCL. The percentage
of the total of these elements present in the HCL-soluble fraction tends to
increase both with increase in total Al concentration and with increase in
the percentage of HCL~soluble iron. However, a khowledge of the relative
contributions of these two possible sources of HCL-soluble trace metals can

probably only be gained by the development of a selective leach procedure
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capable of releasing sach ofithese phases separately from ferromanganese~
oxide samples. Such a procedure was not attempted in this study and must
await future development.

An interesting feature of the partition patterns of the trace elements
is that Co, unlike the other authigenically-associated metals Ni, Cu, Zn, Pb
and Cd, is present virtually exclusively in the acid-reducible fraction.
This indicates that Co is not associated to any extent with the non-
reducible iron phase, although it may be associated with an acid-reducible
iron phase., Whilst this behaviour is in agreement with that observed in
Indian Ocean nodules it does not agres with the results of Arrhenius (1963)
who found that as much as 75% of the total Co in Pacific Ocean nodules was
non=reducible. Elsctron microprobe work by Glasby (1970) and Burns & Brown
(1972) has shown that Co is strongly enriched in manganese-rich areas and
depleted in iron-rich areas within nodules. Calvert & Price (1977) have
pointed out a general lack of agreement in the literature as to whether Co
is associated with the Mn or Fe phase in nodules and suggest that the
mineralogy of the Fe phase itself does not affect the concentration of Co
or other trace metals in nodules. The results obtained in the present study
are in agreement with this suggestion.

The often substantial, but highly variable amounts of Ni, Cu, Zn and
Pb in the HCL-—goluble fraction of Atlantic Ocean samples is in marked
contrast to the bshaviour of these metals in Indian Ocean nodules, where on
average, less than 5% of their respective totals are HCL-soluble, and the
standard deviations from the mean values in all the phasss was very low,
However, the Atlantic Ocean samples were on average much higher in iron (19%)
than those from the Indian Ocean {11%), and more than 50% of the iron in the

former was HCL-soluble whilst in the latter, HCL-soluble iron formed less than

'30% of the total. Compared to Indisn Ocean nodules therefore, a substantial

amount of the authigenic phase of Atlantic Ocean nodules consists of a

discrete non-reducible iron phase which may contain the minor elements in

guestion._
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Manganese éhows a similar pattern to iron, with minimal amounts in the
HCL-soluble fraction of Indian Ocean samples compared with an average of
15% of the total in the HCL-soluble fraction of Atlantic Ocean samples.

In gquantitive terms this represents a difference of between 5~ and 10-fold.
This manganese must be present within clays, within the iron phase or as a
separate non-reducible manganese phase. A non—redﬁcible manganese phase
must consist essentially of divalent manganese ions. Since the Nn2+ ion is
comparatively soluble in sea=water it is difficult to see how such a phase
can occur, even as a product of a secondary reduction process within the
concretion, since the products of such a process would simply be released
into interstitial pore-waters and re-mobilieed. A substantial amount of ths
non-reducible Mn may be present within clays, however the average Al
content of Atlantic Ocean samples (2.7%) is even lower than that of Indian
Ocean nodules (3.0%), in which very little Mn was HCL-soluble. Thus unlees
the clay minerals incorporated in Atlantic Ocean nodules are 5 to 10 times
as rich in manganese as thoee in Indian Ocean samples, clay minerals cannot
account on their own for the Mn released in the HCL-goluble fraction. It
ssems therefore that the HCL-goluble Fe phase must incorporate substantial
amounts of Mn and , in view of their presence in the HCL-soluble fraction,
probably of Ni, Cu, Zn and Pb also. Resﬁlte of Mossbausr studies on

nodules have shown.. that iron in nodules is present almost exclusively as
the F93+ ion (Glasby, 19703 Burns & Brown, 1972). This has an ionic radius
in goethite of 0.65 (Burns, 1976). Nickel and copper have ionic radii, in
the divalent state in which they occur in sea-water, which are within 10%
of that of F93+ and therefore may be able to substitute for this ion within
the goethite lattice without too great a loss in crystal field stabilisation
energy. The mn?* ion (0.548) however, is rather too small to substitute for
F93+, whilst the Mn2+ ion has an ionic radius of 0.82R which makes it too
large. It may be therefore that manganese entsrs the iron phase of nodules

as Nn3+ which has an ionic radiue identical to that of F93+.
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Whilst the MH3+ ion appears to be stable in iron snd manganese minerals in
terrestrial soils (McKsnzi;, 1972) it hes not been reported in marine
ferromanganese-oxides, Subramanian (1975) was able to prepare synthetic
iron hydroxides containing large emounts of Mn but he made no attempt

to explain the structure of thess phases or the oxidation states of the Mn
end Fe within them. Smith et al (1968) argue that Mn is diedochic within
ths iron phase of menganese nodules but in view of the above arguments this
is difficult to envisege unless much of the Mn is present ss the Mn3+ ion,
Where amounts of Mn in the sample are of ths same order of magnitude as
those of Fe, the mangensse tends to occur asS-JhUz (i.8. &8 Mn4+)
epitaxially intergrown with goethite (Burns, 1976)., Where emounts of Mn are
much smaller than those of Fe, however, much of it may well enter the
gosthite lattice as mn3+. A better understanding of the structure of sub-
stituted iron oxide-hydroxides and the velency states of the substituting
ions must howevsr await the outcome of future investigation.

Cobalt occurs as the Co3+ ion in marine sediments from oxidising
environments (Goldberg, 1961; Burns, 1965.) This ion has a radius of 0,53R
which mekes it too smell to readily substitute for F93+ (Burns, 1976). The
fact that Ni, Cu and Zn may under certein circumstances substitute for
F33+ in lattice sites whilst Cobalt cannot readily do so mey explain the
unusual trace slsment composition of ssmple 171,15, Partition analysis has
shown that the suthigenic oxide phese of this sample consists almost
entirely of sn HCL-soluble iron phase with virtually no separate Mn phase.
Bulk Cu, Ni and Zn velues in this semple are eimilar to, or even higher
than those in semples from station 169 nearby which does contein a

esepsrate Mn phaee, whilst Co is extremely low (about 300 p.p.m. ), lowsr by

a factor of § than average values in station 169 semples.
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Comparison with previous studies

In view of the limited number of samples investigated and thseir
limited geographical distribution, no attempt has besn made to aeesee
regional compoeitional trsnde. However, some comparisons can be made with
reported compoeitions of eamplse from eimilar environments eleswhere in the
Atlantic Ocean, Ssveral worksrs have analyseed emall numbere of eamplss
from various regions of the Atlantic Ocean (sse Arrhsnius, 1963; Ahrens et
al, 1967; Mero, 1965; Smith et al, 1968; Kharin, 1973) and Cronan (1975)
analyead 140 samples from sitee throughout the Ocean. Table 24 shows a
comparison of the data analysed in the pressnt study with that obtainad
from eimilar environments by Cronan (1975). From this data it can be sesn
that samplse from the upper parts of esa-mounts in the area studied (i.e.
group 1 samples) are fairly closs in averags compoeition to those from sea-
mounts in other arsas of the ocsan. Howevar, cobalt concentrations in
group 1 samples appsar to be gsnarally highsr than thoss obassrvad in sea-
mount nodules by Cronan. No simpls explanation can bs put forward to account
for thie,

The group 3 samples analyeed in this atudy ware from the Horseshoe
Abyssal Plain, which ie separated from the north-sast Atlantic Basin by the
Madeira-Tore Rise. However, data from this basin are given for comparieon with
group 3 samplse sincs 1£ is the nearest abyseal area for which data are
available, Data from Smith st al (1968) for samplss from the Narss Abyssal
Plain are also given. Compared with north-sast Atlantic Basin samples, thoss
from the Horseshoe Abyssal Plain (H.A.P.) ars different in several respecte.
The most obvious diffsrence is the much higher iron contsnt of H.A.P. samplss,
togather with rather higher Cu, Ni and Zn values and lower Co values than thoss
obssrved in north-east Atlentic Basin (N.E.A.B.) eamples. Thies diffsrsncs in
minor alement composition could bs due to a minsralogical control on nodule
composition, since H.A.P. samples contained todorokits whilst in N.E.A.B.

samples, todorokits wae absent and in eome casss §-Mn0, was identified,

2



Mn Fe Co Ni Cu Zn Ca Depth
% % PePome PePem. Pepem. Pepam. % (m.)
Group 1 (3 samples) 14.1 20.6 7600 2780 515 620 4,43 1525
(this study)
Atlantic Sea-Mounts 16.2 22.4 5390 2450 470 580 2.66 1227
(Cronan, 7 samples)
Group 2 (7 samples) 13.8 33.0 2550 2860 2650 955 1.91 3715
(this study)
Group 3 (3 samples) . 15.9 29.7 3290 4080 2810 870 1,07 4600
(this study)
North-East Atlantic 19.8 18.5 4880 3610 1260 710 2,33 3107
Basin (Cronan,
13- samples)
Nares Abyssal Plain 18.4 30.0 4000 N.A. 1500 600 N.A. 5729
N.A. = Not analysed
All results are calculated on a detrital-free basis
TABLE 24 Comparison of average composition of Atlantic Ocean ferromanganese-oxide

samplsa analysed in the present study with previously published data

A%
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(Cronan, 1975). As already discussed, todorokite-rich nodulas tend to be
enriched in Ni and Cu and depleted in Co compared to S-Nnoz—rich samples,
It seems likely therefora that the sedimentary environment, which governs
nodule mineralogy, is rather different in the north-east Atlantic Basin
to that found on the Horseshoa Abyssal Plain. A grsat amount of
continentally-derived material ies reaching the Horseshoe Abyssal Plain
according to Horn et al (1974). Whilet comparativaly little ie known about
esdimentation patterns in the north-east Atlantic Basin, it appears that
much of it is occupied by turbidite-covered abyssal plains and thus also
receives continental detritus. However, since the average water depth from
which N.E.A.B. samples wara recovered wae only 3100m., it is obvious that
many of these eamplas must have come from localitias substantially slevated
from ths abyseal sea-floor, which averages about 4500m. water depth (see
Laughton et al, 1975). Many of Cronan's (1975) samples therefors, may have
come from localities receiving little or no continantally-derived material.
This difference in sedimentery environment may account for the much higher
Fe centent and Fe/Nn ratios of H.A.B. eamples, since according to Manheim
(1965) continental run-off supplies a much greater amount of releasable Fe
than Mn to the oceans., Nodules with very high Fs contents have been observed
in continental borderland regions of the Pacific Ocean (Mers, 19653
Skornyakova & Andrushchenko, 1970) and of the Indian Ocean (see Section 5)
which are receiving continental run-off. In this respect it is interesting
to note that nodulee from near the continental borderland on the Nares
Abyssal Plain have similar iron contents to those from the Horseshos Abyesal
Plain (ees Table 24),.

Nodules with high Fes contents and high FB/ﬂn ratios have been
observed from sea-mounts by various authors (Glasby, 1970; Cronan, 19723
Calvert & Price, 1976). Iron can be supplied to the sea-floor in substantial

amounts by hydrothermal solutions and basalt weathering associated with

submarine volcanic activity (Bostrom & Peterson, 19663 Corlisa, 1971) and
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precipitation of Fe-rich hydroxides in hydrothermally active areas

has been observed in several localities (Zelenov, 1964; Bonatti et al,

1972; Smith & Cronan, 1975). Thus nodules from past or present volecanically-
active areas suth as sea-mounts might be expected to be enriched in iron.
This theory might explain the very high Fe content of samples from the
Hirondelle II Sea-Mount (group 2 samples) although it must be stressed

that this sea-mount is not known to be volcanically active at present. The
rapid supply of Fe to these nodules may in turn account for the slightly

depressed Mn, Ni and Co values compared with the other samples analysed.
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APPENDTX 1

CHEMICAL_ ANALYTICAL TECHNIQUES

(i) Sample Preparation

(a) Ferromanganese-oxide samples.

The preparation of ferromanganese-oxide samples for analysis varied
according to the nature of the samples. Those covered by adhering sediment
were washed clean with de-ionised water and left to dry but in some cases
this treatment was not nsecessary. Where possible, 10 to 15 g. of sample
was teken for crushing. Where the whole semple weighed less than this,
proportionately less was taken but in some cases the sample was so small
that it all had to be tsken for crusaing. Large nodules and encrustation
samples were sectioned using a hacksaw blade and a representstive portion
teken from substrate or core to outer surface. Contamination from the
hacksew was not regarded as being a problem since Cronan(1967) has shoun
that except for Cr, all the trace elements for which analysis was carried
out were pfaaent at far lower levals in a hacksaw blade than their average
values in the samples. Where core material wae present in nodules it was
separated out by hand, so far as possible, prior to crushing.

The samples were first crushed by hand with a porcelain pestls and

mortar and then with an agate pestle and mortar until the powder paseed
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through an 80 mesh sieve. The sample powders were then transferred for
storasge into air-=tight, clean, polythene or glass containers. Care was
taken at all stages of the crushing procedure to avoid losing the finest
fraction as dust to the atmosphere. After esach sample had been crushed
both pestles and mortars were thoroughly cleaned using HCL, de-ionised
water and acetone. The hacksaw blade used for cutting up the larger
samples was thoroughly cleaned in a similar manner between each sampling

operation,
(b) Sediment samples.

All ths sediment samples analysed had already been sslected from
their respective cores when they were received and some had already
been dried. Treatment therefore consisted of taking a representative
portion of each sample of about 10 g., (or all the sample uwhere the
total sample weight was less than iO g.) placing it in a glass dish and
frseze—~drying it. The dried samples were then crushed in exactly the
same way as the ferromanganese—oxide samples and stored in similar

containers.

(ii) Bulk Chemical Attack

Approximately 250 - 300 mg. of sach sample was weighed out
accuratsely into separste nombered P.T.F.E. beaksrs which had
previously besn dried and weighed accurately. The beskers and their
contents were then placed in dessicators and dried to constant weight,
this usually taking 2 to 3 days. This preliminary dessication procedurs
was only required for ferromanganese-—oxids ssmplss, because of their
tendency to absorb atmospheric moisture when in a finsly divided stats.

After 2 ml, of 6M HCL had been added to the beakers, they were placed on



a hotplate and heated gently for about 2 hours to breakdown the Mn
oxides prior to the addition of the main rsagents. This pre-treatment
was not necessary with sediment samples. The bsakers were then cooled
and the following reagents added to each; B8 ml. of 40% hydrofluoric
acid, 6 ml., of 50 - 50 mixture of concentrated nitric and perchloric
acids.

After addition of all the reagents the beakers were returned to
the hotplate and evaporated to dryness overnight. When fuming finally
ceased the beakers were removed from the heat, a further 2 ml. of the
nitric and perchloric acid mixture added, and thsn the contents
evaporated to dryness again, When fuming ceaasd the beakers wers
cooled but whilst still warm 5 ml, of 6M HCL was added to each to
dissolve the small pellst of residue in ths beaker. The rssulting
solutions, when cold, were transferred to ssparate, numbered 25 ml.
volumetric flasks, the beakers were rinsed thoroughly with de-ionised
water and the washings also transferred to the flask. The contsents were
then made up to 25 ml. with de-ionised water giving a final solution

which was very nearly 1M HCL.

(iii) Selective Leach Technigues

(a) Acetic acid atteck

About half a gram of sach sample (1 g. in the case of high-
carbopate samples) was accurately weighed out into a conical 50 ml.
flask fitted with a ground glass stopper and which had previously been
dried and weighed. The flask and contents were then placed in a
dessicator and dried to constant weight. This dessication proceﬁure
was only necessary for ferromangansse-oxide samples, aa explained abovs,

After final weighing, 10 ml. of 25% (v/v) acetic acid was added to
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each flask, the stoppers were replaced and the beakers placed in a
mechanical shaker for 4 hours. Ths contents were then allowsd to
settle and then wers filtsred throughe o.asymsmbrena filter which
had previously besn weighed. The beaker and the residue wsre
thoroughly washed with de-ionised water and the filtrate end
wveshings were transferred to e 25 ml. volumstric flesk. This was
made up to the mark with de-ionised weter giving e finel solution
containing about 5% ecetic acid. The filter peper end residue were
placed in e dessicator, allowed to thoroughly dry, and were then
weighed. The weight percentage of sach sample which was soluble in

ecetic acid was then calculeted.

(b) Mixed ecid and reducing agent attack

The initial weighing-out procedure for this etteck was exactly

the same as for the acetic acid ettack. In this attack however ths
reegent used was a mixture of acetic acid end hydroxylemins
hydrochloride in the following proportions:- 3 vols. of 35% (v/v)

acetic acid to 7 vols. of 25% (w/w) hydroxylamine hydrochloride. To

each sample was edded 25 ml. of this mixed reagent end the flasks were

then placed in e mechanicel shaker for 4 hours. The contents were then

filtered exectly as in the acetic acid attack but the filtrate and

weshings were placed in a 100 ml. beaker, covered with a watch glass

and placed on a hot-plate. When the contents had evaporated down to

about 10 ml. about 2 ml. of concentrated nitric acid was added drop by

drop to the solution to break down the sxcess reagent. This addition

wes carried out away from the heat bscause of the tendency of the

solution to boil violently during the addition if it was originally

too hot. When the nitric acid had been added ths beaker and watchgless

wers returned to the hotplate and evaporation of the contsents was
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continued until fumes of nitric acid wsre svolved. Ths beaker was then
allouwsd to cool and the contents transferred to a 25 ml., volumstric
flask., The beaker and watchglass were washed with 1M HCL and the
washings also transferred to ths volumetric flask, which was then made
up to the mark with IM HCL. Ths filter papers and rssidues wers trsated
in the same mannsr as in the acetic acid attggk and ths weight
percentage of sach sample which was soluble in the mixed acid and

reducing agent was then calculated.
(c) Hydrochloric acid attack,

The preliminary weighing-out procedure was sxactly the same as for

the acetic acid attack, except that the samples wers placed in 50 ml,
beakers rather than flasks. After the final weighing 5 ml. of 6M HCL
was added to sach beeker, a watchglass was placed over each and thsy
were placed on & hotplate for 4 hours. The beaksrs wers then removed
from the heat, allowsd to cool, and thes contents filtsred in the same
way as for the acstic acid attack., The filtrate and washings wers
transferred to a 25 ml. volumstric flask and made up to ths mark with
de~-ionised water. The filter papers and residuss wers trsated in the
same manner as in the acetic acid attack and the weight percentags of

sach sample calculated which was soluble in hydrochloric acid.

(iv) Analyticel Prscision and Accuracy

All tﬁa elements investigated wers analysed in all samples by
atomic absorption spactrophotometry using a Perkin Elmer 403
spectrophotometer in the Applisd Geochemistry Ressarch Group at
Imperial Collegs. All samples, except the solutions obtainsd from the

acetic acid attack, were sprayed in thes IM HCL and comparsd against

369



internal standards made up in IM HCL. Solutions of samﬁles sub jected
to the acetic acid attack contained 5% acetic acid and were therefore
compared against standards made up in 5% acetic acid.

All determinations were carried out in duplicate and some in
triplicate, except where the very small amount of sample available
prevented this. An average value for each element in sach sample was
then calculated from these determinations. Each series of determinations
constituted 30 to 50 samples of which at least 15% constituted blanks,
standards and duplicates. The average precision and accuracy of the bulk
attack are given in Table 1, based on the replicate znalysis of 4
external nodule standards which were also analysed et 6 independent
German laboratories. An accuracy of better than 6% was achisved for all
elements except Pb and Ti for which the accuracies were 14% and 13%
reepectively.

The accuracy of the selective chemical leach analyses could not be
establighed since no outside standard could be obteined which had been
subjected to identicel attacks. However the replicate sample prscision
for all elements for all three attacks was obteined using the same
standards I to IV as wsre used for the bulk attack. The results ars

given in Tebls 2.

(v) Selective Attacks on Minerals and Synthetic Phases

In order to essess the susceptibility of various iron and
manganess oxide phasss to attack by the eslsctive leach techniques
described in Section (iii) of this appendix ssveral synthstic oxide
phases were prepared by rapid precipitation of the phases from
agusous solution. X~-Ray diffraction studies of these phaées showed

them to be completsly amorphous phases. Naturally occuring terrestrial

samples of todorokite and gosthite were also prepared using ths
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TABLE 1 Precision end sccurecy of bulk chemicel etteck based on analysis of external standards

Standard Number of Result Mn Fe Co Ni Cu Zn Pb Ca Al Cd Cr Ti
Determinetions % % % % % % % % % % % %
Actual 29.5 5.2 1600 14600 14800 1570 350 1,78 3.18 n.d. n.d. 0,37
I 6 Found 28.6  5.22 1690 15100 14700 1450 390 1.64 3.28 25 23 0.42
Yo.9 o2z 0 f1100 teoo  fso 20 to.os touzr 2 Yo to.04

Accuracy(%) | 3 1 6 3 1 8 11 8 3 - - 14
Actuel 22,3 13,2 2900 7600 5100 820 750 1.93 2.81  n.d.  n.d. 0,93
I1 5 Found 21.5 12,8 2920 7440 5110 800 870 179 274 17 43 0.99
Fi0 toaa tio tae t210 Yo tYzo to.10 Yoz ta s to.o

Accurecy(%) | 4 3 1 2 1 2 15 7 2 - - 6
Actual 19.1 6.7 1700 9500 8000 1010 490 1.45 4.98 n.d. n.d. 0,50
111 6 Found 18.9  6.67 1610 9550 8100 990 550 1.37  4.66 16 47 0.61
o6 Yo.1a oo taso twoo  feo  f70 to.12 fouzs *a *tous

Accurecy (%) | 1 1 5 1 1 2 12 1 6 - - 22
Actuel 31.8 4.6 1700 15200 15200 1580 330 1.66 2.81 n.d. n.d.  0.30
1V 6 Found 31,4 4,56 1780 15100 15800 1640 400 1.56 2.74 30 20 0.33
fo.6 toos taso  tooo  t2e0  tao  t10 to.oz Yoz i 4 to.o3

Accuracy (%) | 1 1 5 1 4 4 20 6 2 - - 10

Replicate sample T Y S Tax Yax st Tex tix 11z Trag tog

Precieion




Element: Mn Fe Co Ni Cu Zn Pb Ca Al cd Cr Ti
Attack % % % % % % % 3 % % 7z %
Acetic Acid st * T TS T I * *4 *12 * * *
Mixed Acid &

Reducing *s *5 *5 *a *2 *g *5 *3 *7 *a tao tos
Agent

Hydrochloric ) *a *a *3 3 *3 *s *2 *14 o t2 Tt
Acid

* - Element present at or below detection limit

TABLE 2 Precision of selective chemical attacks based on replicate analysis of nodule etandards.
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methods described in sub-section (i)(a) and these were subjected to
the séme selective leach techniques. The mineralogical purity of these
samples was confirmed by X-Ray diffraction analysis. The results of

these tests are given in Tablse 3.

(vi) Correction Procedure for Ca Interference

One disadvantage of analysis of samples by atomic absorption
spectrophotometry is that several metals suffer interference effects
wvhen Ca is also present in the samples. This leads to spuriously high
values of these metals being observed in samples where the Ca content
is high. Calcium interference was only a major problem for the slements
Pb, Cd and Ce and only where these elements were present at low levels
and Cs was present at high levels., Calcium interference was therefors
not a problem in ferromanganese-oxide snalysis. However levels of Pb
and Co in meny sediments were 100 p.p.m. or less snd levels of Cd were
an order of megnitude lower than this. Several sediments contained a
high percentage of Cs as f:aCU3 snd in these sedimsnts Ca interference
csused spuriously high vslues of Co, Pb and Cd to be obtained. Although
the interference phenomenon sffected very few samples a correction
procedure was adopted for the affected elements.

The correction procedure was csrried out ss follows. Standard
solutions of IM HCL wers msde up with incressing, eccurately knouwn,

concentrations of Ca present in eolution. These standsrd solutions were

then sprayed on the spectrophotometer in turn using the lamp for Pb and

readings taken of the concentration of Pb as detemmined by the instrument

in each of the standard solutions. Since no Pb was actually present the

resding obtained represented solely the interferencs produced by the
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calcium, A graph wes drawn plotting the values of Pb thus obtained against

the calcium concentrations used to obtain theee values. This graph wes



Phase

x

Synthetic Synthetic Synthetic Todorokite Goethite
Mn02 FeOOH co-
Attack precipitated
Fe - Mn oxide
Acetic acid
(Amount soluble 1 1 1 1 1
in wt. %)
Mixed acid and
reducing agsnt 100 99 99 92 2
(Amount solubls
wt. %)
Hydrochloric
acid (Amount 100 100 100 100 98

soluble in wt, %)

TABLE 3

Suscsptibility to chemical attack of various synthetic and naturally occurring Fe and /Mn phases.

vLE
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Figure 1 Graphs of Tz interference corrections.
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then used to dstermine what proportion of the observed Pb concentrations
in each sample was due to interference from the Ca which was also present.
This valus was then subtracted;from the observed value in order to obtain
the true Pb concentration in the sample. This procedure was repeated for

Cd and Co also. Typical results are shown in figure 1.
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APPENDTIX 2

MINERALOGICAL ANALYSIS

(i) Sampls Preparation

About 250 mg. of sach sample, prepared as dascribed in sub-
section (i)(a) of Appendix 1, was placed in a small agate mortar and
ground until the powder bscame quist under the pestle., The pestles and
mortar were thoroughly cleansd with dilute HCL and de-~ionised water
betusen each sampls. The powders were then backloaded into cavity
mounts.

Where insufficiesnt material was availabls to use a cavity mount,
20 to 30 mg. of material was used to coat a fins glass capillary. This

was than used in an 11.5 cm. Dsbye ~ Scherrsr camera,

(i1i) Analysis

The apalysas were carried out on a Phillips model PW1010/80
diffractometar using Fa K radiation at a tubs setting of 34KV at 28mA.
The radiation was filtered using a Mn filter and passed through a 2°
divergent slit and a 0.1° receiving slit. Counting was by msans of a
proportional counter. The samples were scannsd at 1° per minuts

through a range of 28 from 4° to 65° and 80° to 90°, Samples analysed



by means of the Debye -~ Scherrer camsra were exposed for betwsen

4 hours and 12 hours depending on their degree of crystallinity.
The peaks obtained on the powder photographs and

diffractograms were compared against those given for recognised

minerals in the ASTM index.

(iii) Problems of Identification of S-Mnﬂz in Samples
containing Todorokite

S-Mnﬂz exhibits only two lines, the most intense of

which is a broad peak at about 2.44R. This corresponds to, and tends
to overlap, the peaks of todorokite at 2.468 and 2.39R which are often
faint and broad. The othsr S-Mnﬂz line, at 1.42R, also coincides with
the 1.42R peak of todorokite which again is often fairly faint and
broad., Thus identification of 8—mn02 in samples which also contain
todorokite is made extremsely difficult using the criteria of the simple
presence or absence of peaks. In order to ascertain whether S-Mnﬂz was
present in samples in addition to todorokite a comparison of shape and
intensity of peak heights was carried out in the following way.

Two samples were selected which from the nature of their
diffractogram were assumed to contain abundant todorokite only. These

were sample AB375G(b) (see Table 4 in Section 4) and a terrestrial
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sample of todorokite from Fiji. The shapes of the diffractograms of these

samples at around 1.40R - 1.508 and 1.35R - 1.458 wers then copied onto
tracing paper for use as overlays. Similar tracings were made from two
samples shoming no lines other than at 2.458 and 1.42ﬂ, and thersfors
assumed to contain 8-Nn02 only (samples SH1301D(a) and SH1317D). By

comparing the diffractograms of other samples with these four it was

then possible to distinguish between the presence of todorokite only and

of todorokite plus §-Mn0,.





